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Control of Disease Recurrence by Tumor-Infiltrating T Cells in Ovarian Cancer

Brad Nelson

bnelson@bccancer.bc.ca

Ovarian cancer patients with large numbers of T cells in their tumor live longer after chemotherapy compared to patients with fewer T cells in 
their tumor. Our goal is to use modern genomic techniques to identify the antigens recognized by these T cells, with an emphasis on new  
antigens that arise during chemotherapy. To this end, we are collecting matched primary and recurrent tumor tissue from ovarian cancer  
patients (Tasks 1-2); this is progressing well. The antigen receptors expressed by tumor-infiltrating T cells (Task 2) and B cells (Task 3) have 
been identified in several patients by DNA sequencing methods. Primary and recurrent tumor tissue from one patient has been analyzed by  
whole exome sequencing, and a large number of candidate mutations have been identified (Task 4). Finally, new methods have been  
developed to rapidly test the recognition of tumor mutations by T cells from patients (Task 5). Overall, this project is progressing on schedule 
and is yielding publishable results and leveraged funding. 
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W81XWH-09-1-0169 (OC080380) Annual Report, March 2011 
 
PI: Brad H. Nelson, Ph.D. 
Co-PIs: Rob Holt, Ph.D., John Webb Ph.D., Peter Watson, M.D. 
 
Title of Project: Control of Disease Recurrence by Tumor-Infiltrating T Cells in Ovarian Cancer 
 
INTRODUCTION: 

In epithelial ovarian cancer (EOC), tumor-infiltrating CD8+ T cells are strongly 
associated with increased progression-free and overall survival following chemotherapy. 
However, the antigens recognized by tumor-infiltrating T cells remain largely unknown. 
Furthermore, it is not clear how tumor-infiltrating T cells, having failed to prevent the primary 
tumor, can oppose tumor recurrence. Recent work has shown that chemotherapy, in the context 
of impaired DNA repair pathways, induces mutations in the cancer genome, some of which 
contribute to chemo-resistance. Chemotherapy-induced mutations may provide a new source of 
tumor antigens for T cells, since mutated or aberrantly expressed proteins should be perceived 
as “non-self”. Based on these considerations, we hypothesize that the mutational effects of 
chemotherapy generate new tumor antigens that trigger a second wave of CD8+ T cell 
responses, which in turn promote favorable clinical outcomes. To test this hypothesis, we are 
using serological and genomic methods to identify the evolving repertoire of tumor antigens and 
T cell responses in EOC patients who demonstrate favorable clinical outcomes.  

The study has five tasks: 

 Task 1. Collection and processing of biospecimens 

Task 2. To determine whether chemotherapy induces the emergence of new tumor-
associated CD8+ T cell clones in EOC.   

Task 3. To identify by serological approaches tumor antigens induced by chemotherapy 
in EOC.   

Task 4. To identify changes to the tumor transcriptome induced by chemotherapy in 
EOC.   

Task 5. To determine whether tumor-associated CD8+ T cells in EOC recognize putative 
chemotherapy-induced antigens.   

Significance. This will be the first study to test the hypothesis that the mutational effects of 
platinum/taxane-based chemotherapy generate novel antigens that stimulate host CD8+ T cell 
responses. With a better understanding of how T cell responses evolve during standard 
treatments, we believe it will be possible in future to prolong progression-free survival by 
enhancing the host T cell response using immunodulatory agents, vaccines or adoptively 
transferred T cells.  

BODY: 
Task 1. Collection and processing of biospecimens. 

 This task concerns the collection of matched primary and recurrent ascites from 6 
patients with high-grade serous ovarian cancer; isolation and storage of CD45+ leukocyte, 
CD8+ lymphocyte and CD45- tumor cell subfractions; and collection of blood samples before, 
during and after primary surgery and chemotherapy.  
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Progress to date:   

To date, we have collected 12 matched primary and recurrent ascites tumor specimens. 
However, the main challenge has been to collect matched samples from women with a 
favorable progression-free interval (PFI) (ideally > 24 months); so far, only 1 of the 12 patients 
with matched primary and recurrent ascites samples meets the 24 month PFI. Fortunately, there 
are an additional 12 patients from whom we have collected primary ascites and who are “in the 
running” for a PFI > 24 months. We are making every effort to monitor these patients and collect 
recurrent ascites specimens as they become available. As for the other aspects of this task, we 
have developed methods to successfully isolate and store CD45+ leukocyte, CD8+ lymphocyte 
and CD45- tumor cell subfractions. Furthermore, we have a high success rate at collecting 
serial blood samples before, during and after primary surgery and chemotherapy. Thus, this 
task is proceeding as expected.  

Task 2. To determine whether chemotherapy induces the emergence of new tumor-
associated CD8+ T cell clones in EOC.   

We proposed to study tumor-infiltrating T cells from primary and recurrent ascites to look 
for changes in T cell subsets (CD3, CD4, CD8), and various activation and differentiation 
markers. We also proposed to sequence T cell receptors (TCRs) to identify 10-20 predominant 
T cell clones from recurrent tumors. Serial blood and ascites samples would then be analyzed 
by QPCR with clonotype-specific primers to determine the time of emergence of these T cell 
clones. Our hypothesis predicts that a large proportion of CD8+ T cell clones present in 
recurrent ascites will have arisen during or after chemotherapy.  

Progress to date:   

We have started experiments for Task 2 using specimens from a patient (IROC024) who 
fell a few months short of our PFI criterion, but is nonetheless of great interest for several 
reasons: (a) we have collected primary ascites as well as matched ascites from her first, second 
and third recurrence; (b) there are ample vials of tumor cells available from each time point, so 
we can use these specimens to develop our methodology without fear of squandering precious 
samples; and (c) a full complement of serial blood samples is available for later experiments to 
track T cell clones over time. Using these specimens, we have successfully separated tumor 
cells, CD4+ T cells and CD8+ T cells by flow cytometry, and these samples were sent to Rob 
Holt’s lab for RNA isolation and TCR sequencing.  

To perform TCR sequencing, 5’ Rapid Amplification of cDNA Ends (RACE) and PCR 
were used to amplify the antigen-binding regions of the TCRs. PCR products were cloned into 
plasmids for Sanger sequencing.  96 clones were sequenced, which yielded 36 TCR 
sequences. Five distinct clones were identified. A predominant T cell clonotype was found in the 
CD8+ fraction (24/36 clones), and a second predominant clonotype was found in the CD4+ 
fraction (8/36 clones). This is consistent with our hypothesis that tumor-infiltrating T cells in 
ovarian cancer represent antigen-specific, clonally expanded subpopulations.  

The success of this experiment gives us confidence to perform TCR sequencing on a 
larger scale using Illumina sequencing and additional specimens. Currently, we have isolated 
RNA from ascites specimens collected from three time points (primary tumor, first relapse, 
second relapse) for three patients (IROC024, IROC002 and IROC012). The clinical course for 
IROC024 was shown in our 2010 annual report; this information is shown in Figure 1 for 
patients IROC002 and IROC012. Construction of the 9 Illumina libraries required for TCR 
sequencing is underway.  Furthermore, the method for Illumina library construction has been 
optimized by sample indexing (bar coding) to allow pooling of libraries prior to sequencing, 
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which reduces the chance of contaminating TCR sequences between samples and reduces the 
overall cost (Warren et al., Genome Research, 2011; APPENDIX A). 

Finally, we have also developed methods based on multiparameter flow cytometry to 
analyze the functional responses of CD4+ and CD8+ T cells in the tumor environment (Tran et 
al. PLoS One, 2010). These methods will allow us to assess how the functional properties of 
tumor-reactive T cells change as patients undergo chemotherapy.   

 

 

 

 

Figure 1. Clinical history and available specimens for IROC002 and IROC012, 
two high-grade serous ovarian cancer patients to be studied in Tasks 2 and 4. 
Tumor burden is indicated by CA125 measurements (Y axis) over time (X axis). 
Also shown are the time points at which ascites cells (yellow squares) and 
peripheral blood mononuclear cells (PMBC; green squares) were collected. 
Chemotherapy protocols are shown (GOOVCATX = carboplatin and paclitaxel; 
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GOOVCAG = carboplatin and gemcitibine; GOOVETO = etoposide; GOOVCARB 
= carboplatin alone; GOOVTAX3 = paclitaxel alone; GOOVGEM = gemcitabine 
alone). Note that ascites cells (containing tumor) were successfully collected 
from both patients at primary surgery, first recurrence, and second recurrence.  
Overall survival time is listed in the bottom right corner of each graph. 

Task 3. To identify  by serological approaches tumor antigens induced by chemotherapy 
in EOC.   

In our original application, we proposed to construct autologous cDNA libraries in a 
yeast-based expression system using mRNA from recurrent ascites tumor cells. Libraries would 
then be screened with patient sera to identify tumor antigens recognized by IgG autoantibodies. 
For each antigen, we would determine whether expression is seen in the primary and/or 
recurrent tumor tissue (by QPCR); whether the antigen shows sequence alterations; and the 
clinical time point at which antibody responses develop. The overarching goal is to identify new 
antigens that arise during or after chemotherapy.  

Progress to date: While we originally proposed to use serum autoantibodies to 
identify tumor antigens, we have decided instead to use autoantibodies derived from tumor-
infiltrating B cells. This change of strategy was motivated by our finding that CD20+ tumour-
infiltrating B cells (TIL-B) are associated with increased survival in high-grade serous 
ovarian cancer (Fig. 2A, from Milne 2009 PLoS ONE 4(7): e6412). Intrigued by this 
observation, Brad Nelson (PI) reviewed the literature concerning the role of TIL-B in other 
cancers (Nelson, B.H., J. Immunology, 2010; APPENDIX B). As described in the article, TIL-
B are associated with patient survival in a wide variety of cancers. Moreover, in the setting of 
autoimmunity and allograft rejection (i.e., rejection of solid organ transplants), tissue-
infiltrating B cells are associated with strong T cell responses against target tissues. B cells 
are thought to facilitate tumor/tissue destruction by producing antibodies; releasing 
cytokines and chemokines that attract T cells; or serving as antigen presenting cells for 
CD4+ and CD8+ T cells.  

In the past year, we investigated these potential mechanisms in ovarian cancer. As a 
starting point, we wanted to determine if TIL-B are antigen-experienced, which would 
provide evidence they are responding to antigens expressed by tumor cells. To this end, we 
sequenced IgG heavy chain variable regions (including V, D, and J gene segments) from 
three ovarian cancers in which CD20+ TIL-B were present. We performed 6 independent 
PCRs using primer pairs designed to amplify VH1, VH2, VH3, VH4, VH5, and VH6 
sequences. PCR reactions were combined in pools of two, cloned into a plasmid vector and 
transfected into E. coli. For each tumor, up to 96 bacterial colonies were subjected to 
capillary-based DNA sequencing.  

This analysis of IgG sequences revealed several important points. First, IgG from TIL-
B exhibited a high level of somatic hypermutation: on average 20 base pairs (bp) were 
mutated in each ~400 bp variable region, which resulted in an average of 13 amino acid (aa) 
substitutions per variable region (Fig. 2B). This is consistent with prior findings for antigen-
experienced B cells (which show an average of 18 bp and 10 aa substitutions) and in stark 
contrast to naïve B cells (which show an average of 3 bp and 3 aa substitutions). In all 3 
tumors, there was evidence of B cells actively undergoing somatic hypermutation, as 
numerous sequences were identified with identical VDJ junctions but distinct mutation 
patterns. Thus, as hypothesized, TIL-B show strong evidence of antigen recognition.  
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 Second, we used the IgG 
sequencing data to estimate the 
extent of clonality of TIL-B by 
calculating the prevalence of 
each variable gene sequence in 
the dataset. Sequences were 
defined as clonal if at least two 
independent plasmids contained 
identical VDJ junctions. Variable 
region sequences that differed 
by just a single nucleotide were 
excluded, as these could 
potentially represent PCR 
artefacts. Using these criteria, 
we found evidence for at least 
12-14 TIL-B clones in each 
tumor, some of which were 
highly represented. For 
example, in IROC015, 16% of 
sequences were derived from a 
single TIL-B clone, an additi
17% of sequences were derived 
from 2 other predominant 
clones, a further 36% of 
sequences were derived from 9 
minor clones, and the remaining 
31% of sequences were 
unrelated (Fig. 2C).  These 
trends were very similar
all 3 patients (Fig. 2C), 
indicating that TIL-B in
represent oligoclonal 
populations. We are curren
preparing the

onal 

 across 
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se results for 
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nment, 

e 

or 

cation.  

In summary, TIL-B (a) 
are strongly associated with 
patient survival; and (b) 
show all the hallmarks of 
having undergone 
proliferation and 
differentiation in respo
antigen recognition. Based 

on these findings, we hypothesize that TIL-B might promote patient survival by processing 
and presenting tumor-specific antigens to CD4+ and CD8+ T cells in the tumor enviro
thereby amplifying and sustaining anti-tumor responses. Over the next 1-2 years, we will 
investigate this hypothesis by (a) cloning IgG heavy and light chains from individual TIL-B 
(isolated by flow cytometry); (b) combining the heavy and light chains in a vector to produc
single-chain recombinant IgG; and (c) using recombinant IgG to identify the corresponding 
tumor antigens by screening cDNA libraries and/or immunoprecipitating antigens from tum

A

B

C

Figure 2. Tumor-infiltrating B cells (TIL-B) are associated with 
survival in ovarian cancer, and show evidence of antigen 
recognition. (A) Kaplan-Meier analysis showing that patients 
whose tumors contain CD20+ TIL-B have significantly 
increased survival (from Milne et al. 2009, PLoS One). (B,C)
Sequencing of  IgG molecules from three ovarian cancer 
patients (IROC015, IROC010 and IROC025) reveals 
evidence of (B) somatic hypermutation and (C) clonal 
expansion in 3/3 patients. 
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Figure 2. Tumor-infiltrating B cells (TIL-B) are associated with 
survival in ovarian cancer, and show evidence of antigen 
recognition. (A) Kaplan-Meier analysis showing that patients 
whose tumors contain CD20+ TIL-B have significantly 
increased survival (from Milne et al. 2009, PLoS One). (B,C)
Sequencing of  IgG molecules from three ovarian cancer 
patients (IROC015, IROC010 and IROC025) reveals 
evidence of (B) somatic hypermutation and (C) clonal 
expansion in 3/3 patients. 
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lysates followed by mass spectrometry. Once the antigens are identified, in Task 5 
test whether these antigens are recognized by tumor-infiltrating T cells from the same 
patients (as per our original proposal). If so, this will accomplish the major goal of this 
project: to identify the antigens recognized by tumor-infiltrating T cells. It will also provide
strong support for the hypothesis that TIL-B serve as antigen presenting cells in the tumor 
environment. Such a finding would have very important implications for the future 
immunotherapy of ovarian cancer, as it would suggest that it would be beneficial to indu
both T cell 

we will 

 

ce 
and B cell responses in patients to elicit potent, sustained anti-tumor immunity.  

Task 4. To identify changes to the tumor transcriptome induced by chemotherapy in 
EOC.   

In a parallel approach aimed at identifying tumor antigens, we proposed to subject 
primary and recurrent tumor cells to whole-transcriptome cDNA sequencing using a massively 
parallel sequencing platform (Illumina). Data would then be analyzed to identify sequence 
alterations or changes in expression level that differ between primary and recurrent tumor tissue 
using constitutional DNA from matched PBMC as a reference. We expect to identify sequence 
alterations arising in recurrent tumor cells, including point mutations, deletions and 
rearrangements. Potential CD8+ T cell epitopes would be identified using computer algorithms 
predictive of MHC binding. 

Progress to date: Mutational profiling of the protein-coding regions of the genome 
(referred to as the “exome”) has begun for three patients (IROC02, IROC12 and IROC24). As 
proposed, we focused on CD45-negative tumor cells sorted from ascites samples collected (a) 
prior to treatment, and (b) upon first and second recurrence. To sequence the whole tumor 
exome, genomic DNA was isolated from CD45- cells and used to construct Illumina sequencing 
libraries. Peripheral blood mononuclear cells (PBMCs) from pretreatment blood draws from the 
same patients served as a source of normal germline DNA. Exon-encoding sequences were 
enriched by hybridization to exon probes, followed by massively parallel sequencing on the 
Illumina platform.   

Specimens from IROC024 were sequenced first. Libraries derived from primary, 
recurrent and normal specimens were sequenced on a single lane of an Illumina flowcell, which 
generated over 70 million reads of 75 bp in length (Table 1).  Uniquely aligned reads accounted 
for over 50 million of the reads, and the number of nucleotides that were available for variant 
detection numbered in the billions.  Single nucleotide variant (SNV) analysis was performed on 
these first three libraries by using a multi-tiered, bioinformatic approach to variant calling. 

 

 

The first tier of SNV calling was determined by the program, SNVMix, which identified 
over 500 SNVs in the exomes of each of the libraries.  The SNVMix variants were entered into a 
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MySQL database so that germline SNVs from the normal library could be subtracted from the 
tumor libraries and comparisons between primary and recurrent tumor libraries could be made.  
This revealed 99 non-synonymous coding SNVs that were specific to primary tumor cells, 39 
coding SNVs specific to recurrent tumor cells, and 44 coding SNVs that are shared by both (Fig.  
3).  The second tier of SNV calling involved cross referencing the SNVMix variants to SNVs 
identified by another bioinformatic program called Samtools, which reduced the number of 
putative mutations by about half. The final tier of calling SNVs is currently underway using a 
program called TASR, a stringent, short-read assembling program. Putative mutations that pass 
all three tiers of bioinformatic analysis will be validated by PCR amplification followed by Sanger 
sequencing. Furthermore, samples from two additional patients (IROC002 and IROC012) have 
been submitted for sequencing on the Illumina platform, and we expect to receive the raw 
sequencing data by the end of April 2011. This data will be analyzed using the above 
bioinformatic methods.  

 

 
 

Figure 3: Variant relationships between normal cells, 
primary tumour cells and recurrent tumor cells.  Ascites from 
patient IROC024 was collected and sorted for sequencing 
the whole exomes of CD45+ normal cells taken prior to 
treatment, CD45-primary tumor cells taken prior to treatment 
and CD45- recurrent tumor cells taken after one round of 
treatment. Single nucleotide variants (SNVs) were called by 
the program SNVMix and the novel non-synonymous coding 
SNVs were compared between libraries. 

Task 5. To determine whether tumor-associated CD8+ T cells in EOC recognize putative 
chemotherapy-induced antigens.   

We proposed to use Interferon- ELISPOT to test candidate antigens from Tasks 3 and 4 
for recognition by CD8+ T cells from recurrent ascites. RNA-transfected or peptide-pulsed 
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CD40L-stimulated B cells would serve as antigen presenting cells. The clinical time point at 
which antigen-specific T cell responses arise would be assessed by ELISPOT analysis of serial 
blood samples and primary vs. recurrent ascites samples.  

Progress to date: This aim depends on the results of Tasks 3 and 4, therefore it is not 
expected to commence for 3-6 months. Nonetheless, we have been developing our ELISPOT 
platform in preparation for this work. Specifically, we have optimized methods for performing in 
vitro stimulation and expansion of antigen-specific human CD8+ T cells. For this purpose, we 
have used the melanoma tumor antigen MART-1, which is often used as a model antigen for 
tumor immunology studies. As described in our 2010 report, our methods are optimized to the 
point where we can activate and expand naive MART-1-specific CD8+ T cells reliably from 
normal donors. We also developed and published a new method for multiplexed analysis of 
antigens using tandem mini-genes encoded by in vitro transcribed RNA (Nielsen et al., J. 
Immunological Methods, 2010; APPENDIX C). Thus, we are now prepared to analyze novel 
tumor antigens as they arise from Tasks 3 and 4. We expect to begin this analysis in Q3/Q4 of 
2010, after the sequencing data from Task 4 has been fully validated, and tumor-specific 
mutations are in hand for the first three patients (IROC002, IROC012, and IROC024).  

KEY RESEARCH ACCOMPLISHMENTS: 

 Task 1: Specimen collection is proceeding as planned. We have been successful at 
collecting matched primary and recurrent tumor samples from 12 patients (Fig. 1). However, 
only one patient has met the 24 month PFI criteria so far; 12 other patients are candidates to 
meet this criterion.  

 Task 1: We have optimized flow cytometric methods for isolating tumor cells and T cells for 
massively parallel sequencing.  

 Task 2: We have further optimized our innovative method for analyzing the human T cell 
repertoire using massively parallel sequencing (Warren et al., Genome Research, 2011; 
APPENDIX A). 

 Task 2: We have identified unique T cell clonotypes in recurrent ascites from one patient. 
We will proceed to profile the T cell repertoire at greater depth using our innovative deep 
sequencing approach. 

 Task 2: We have developed methods using multiparameter flow cytometry to analyze the 
functional properties of tumor-reactive CD4+ and CD8+ T cells in the tumor environment 
(Tran et al. PLoS One, 2010). 

 Task 3: We have shown that tumor-infiltrating B cells (TIL-B) are strongly associated with 
survival in ovarian cancer (Fig. 2A), and the PI wrote a review article discussing this issue 
(Nelson, J. Immunology, 2010; APPENDIX B). Based on this new appreciation for the 
prognostic significance of TIL-B, we have modified our autoantibody-based antigen 
identification strategy to use IgG derived from TIL-B (Fig. 2B,C), rather than serum IgG.  

 Task 4: We have optimized methods for whole exome sequencing, a method that enriches 
for the protein-coding region of the genome. 

 Task 4: Samples from the first patient (IROC024) have been analyzed by whole exome 
sequencing; we have detected putative mutations at high stringency in the primary and 
recurrent tissue from this patient (Fig. 3).   

 Task 4: Samples from two more patients (IROC002 and IROC012) have been submitted for 
sequencing, and the raw data should be available in April 2011.  
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 Task 5: We optimized methods for in vitro expansion of human CD8+ T cells for ELISPOT. 

 Task 5: We developed and published a new method for multiplexed analysis of antigens 
using tandem mini-genes encoded by in vitro transcribed RNA (Nielsen et al., J. 
Immunological Methods, 2010; APPENDIX C). 

REPORTABLE OUTCOMES: 
Relevant manuscripts published in 2010: 

1. Nelson BH. 2010. CD20+ B cells: the other tumor-infiltrating lymphocytes. J Immunol. 
185(9):4977-82. Review. PMID: 20962266. 

2. Nielsen JS, Wick DA, Tran E, Nelson BH, Webb JR. 2010. An in vitro-transcribed-mRNA 
polyepitope construct encoding 32 distinct HLA class I-restricted epitopes from CMV, 
EBV, and Influenza for use as a functional control in human immune monitoring studies. 
J Immunol Methods. 360(1-2):149-56. PMID: 20637775. 

3. Tran, E., Nielsen, J.S., Wick, D.A., Ng, A.V., Nesslinger, N.J., McMurtrie, E., Webb, J.R., 
Nelson, B.H. 2010. Polyfunctional T-cell responses are disrupted by the ovarian cancer 
ascites environment and only partially restored by clinically relevant cytokines. PLoS 
One. 5(12):e15625. PMID: 21203522.  

4. Warren RL and Holt RA. 2010. A census of predicted mutational epitopes for 
immunological cancer control. Hum. Immunol. 71(3):245-54. 

5. Warren RL, Freeman JD, Zeng T, Choe G, Munro S, Moore R, Webb JR, Holt RA. 
Exhaustive T-cell repertoire sequencing of human peripheral blood samples reveals 
signatures of antigen selection and a directly measured repertoire size of at least 1 
million clonotypes. Genome Research. Epub 2011 Feb 24. 

6. Webb JR, Wick DA, Nielsen JS, Tran E, Milne K, McMurtrie E, Nelson BH. 2010. 
Profound elevation of CD8+ T cells expressing the intraepithelial lymphocyte marker 
CD103 (alphaE/beta7 Integrin) in high-grade serous ovarian cancer. Gynecol Oncol. 
118(3):228-36. PMID: 20541243. 

Leveraged funding: 
We have active funding for the following projects related to this DOD project: 

1. Canadian Institutes of Health Research (CIHR) – Grant#:MOP97897 
10/2009 – 09/2012 
Tumor-infiltrating T cells in ovarian cancer: functional impact on patient survival 
Goal: To define the functional phenotype of tumor-infiltrating T cells in ovarian cancer. 
PI: Brad Nelson 
Co-PI’s: John Webb, Peter Watson, Julian Lum 

2. Canadian Institutes of Health Research (CIHR) - Grant#: MOP-102679 
04/2010 – 03/2014 
Characterizing the human T-cell receptor repertoire by massively parallel sequencing  
Goal: To characterize individual variation in the human T-cell repertoires at sequence 
level resolution, using a comparative approach. 
PI: Rob Holt 
Co-PI: John Webb 
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CONCLUSION: 
Overall, this study is progressing on schedule and on budget, with no major deviations from the 
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Exhaustive T-cell repertoire sequencing of human
peripheral blood samples reveals signatures of antigen
selection and a directly measured repertoire size
of at least 1 million clonotypes
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Massively parallel sequencing offers a useful approach to characterizing TCR diversity. However, immune receptors are

extraordinarily difficult sequencing targets because any given receptor variant may be present in very low abundance and

may differ legitimately by only a single nucleotide. As such, the sensitivity of sequence-based repertoire profiling is

limited by both sequencing depth and sequencing accuracy. We obtained peripheral blood TCRB mRNA from a healthy

donor, at two timepoints 1 wk apart, and generated from multiple libraries a total of 1.7 billion paired sequence reads. The

sequencing error rate was determined empirically, by analyzing the portion of each read encoding one of a small number

of possible J segments, and used to inform a high stringency data filtering procedure. From the error filtered data, we

obtained 1,061,522 distinct TCRB nucleotide sequences. This figure establishes a new, directly measured lower limit on

individual T-cell repertoire size and provides a useful reference set of sequences for repertoire analysis. Analysis of naı̈ve

(CD45RA+/CD45RO–) and memory (CD45RA–CD45RO+) T-cell fractions highlighted T-cell plasticity, whereby se-

quences that were highly represented in both subsets at week 1 had transitioned preferentially to the CD45RA–/

CD45RO+ subset at week 2. TCRB nucleotide sequences obtained from two additional donors were compared with those

from the first donor and revealed highly similar V and J gene usage frequencies among individuals, but only a very small

proportion (<1.1%) of shared nucleotide sequences. Analysis of in silico translated sequences indicated, however, that at

the amino acid level as many as 14.2% of distinct sequences from one donor were shared with those from another donor.

For each donor, shared amino acid sequences were encoded by a much larger diversity of nucleotide sequences than were

unshared amino acid sequences. We also observed a highly statistically significant association between numbers of shared

sequences and shared HLA class I alleles.

[Supplemental material is available for this article. The sequencing data from this study have been submitted to the NCBI

Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no. SRA020989. A file con-

taining all distinct TCRB sequences observed after all quality filtering is available at ftp://ftp.bcgsc.ca/supplementary/

TCRb2010/.]

T lymphocytes are key mediators of adaptive immunity that rec-

ognize heterologous cells expressing foreign or mutated proteins.

Recognition is mediated by the interaction of cell surface mole-

cules, whereby a heterodimeric T-cell receptor (TCR) on the surface

of a T lymphocyte will bind to a protein degradation product from

the heterologous cell that is presented at the surface of that cell by

the major histocompatibility complex (MHC). To generate a rep-

ertoire of structurally variant TCRs capable of recognizing diverse

peptide–MHC (pMHC) complexes, the locus encoding the receptor

undergoes somatic recombination among theVariable (V),Diversity

(D), and Joining ( J) gene segments, plus the addition/subtraction

of nontemplated bases at recombination junctions (Davis and

Bjorkman 1988; Bassing et al. 2002). The process is directly anal-

ogous to the generation of antibody diversity by somatic VDJ re-

combination of the B-cell receptor locus. Like antibody diversity,

the potential for TCR diversity is nearly infinite, but actual diversity

in a biological repertoire is restricted by deletion of over- and under-

reactive cells during thymicmaturation and is molded continuously

by the clonal expansion of antigen responsive cells in the periphery

(Nikolich-Zugich et al. 2004; Harty and Badovinac 2008).

By allelic exclusion, a T cell typically expresses only a single

TCRB variant (Khor and Sleckman 2002), making beta-chain se-

quence variation a useful measure of T-cell repertoire diversity. The

vast majority of TCRB variation is within the CDR3 (Comple-

mentarity Determining Region 3), which encompasses the VDJ

recombination junctions and encodes the portion of the TCR that

directly contacts pMHC (Davis and Bjorkman 1988). We use the

sequence of theCDR3 plus the identity of the flankingVand J gene

segments to uniquely classify TCRB variants.

Sequence diversity inbothT-cell andB-cell immune repertoires

has been surveyed previously (Boyd et al. 2009; Freeman et al. 2009;
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Robins et al. 2009; Klarenbeek et al. 2010; Wang et al. 2010) but

not exhaustively sequenced. Here, we analyze TCR beta-chain

sequences from peripheral blood from a single healthy individual,

and we compare this immune repertoire to survey sequence from

two other healthy individuals. We find that by exhaustive se-

quencing and carefulmitigation of sequencing error, it is possible to

saturate the diversity within a single sequencing library and within

a sample of peripheral blood. However, determining the true size of

an immune repertoire by exhaustive sequencing is intractable be-

cause a repertoire can only be subsampled, and by the nature of

‘‘next-generation’’ sequencing technologies where sequencing er-

rors are incurred at a constant rate, it is not possible to distinguish

very rare sequences from sequencing errors. Still, immune reper-

toire analysis by massively parallel sequencing offers tremendous

utility, where distinct clonotypes can be readily identified and

tracked, diversity can be profiled, and differences among in-

dividuals or subsets of sorted cells can be readily distinguished.

All data from the present study have been made available as a

community resource to facilitate future comparative studies of im-

mune repertoires.

Results

With informed consent, we isolated PBMCs (peripheral blood

mononuclear cells) from 20 mL of peripheral blood samples. These

sampleswere obtained at two timepoints, 1wk apart, fromunrelated

Caucasian donors (age 29–33 yr) with no self-declared immune-

related disorder. Total RNA was isolated from ficoll-purified PBMCs

and reverse transcribed using a 39 primer specific for the two con-

served TCRbeta-chainC genes. A 59 priming sitewas added to cDNA

molecules during reverse transcription by template switching

(Peters et al. 1999). The TCRB sequence was then amplified by PCR

and directionally sheared to remove uninformative V gene nucle-

otides, leaving the distal part of the V gene, the informative CDR3

sequence, and the J segment (TRBJ) intact. This procedure shortened

templates to;130–180 bp, a length appropriate for Illumina library

construction and paired-end sequencing, and allowed double-

strand coverage of the critical CDR3 region.

Recognition and mitigation of sequence error is essential

for accurate repertoire enumeration

Immune receptors are extraordinarily difficult sequencing targets

because any given receptor variant may be present in very low

abundance andmay differ legitimately from other receptor variants

by only a single nucleotide. The first PBMC sample from the first

donor, a healthy 29-yr-old male, contained ;12 million ab T-cells.

By using standard procedures, we constructed an Illumina se-

quencing library from the shortened 59-RACE products from this

first donor and ran six lanes of Illumina GAIIx sequence to obtain

142.1million pairs of reads. To assess sequence accuracy, we aligned

raw reads to the known TCR J gene segments, of which there are 13

annotated in the human genome (Flicek et al. 2010). From aligned

raw single pass reads, we observed 9.4 errors per kilobase, but when

we added the requirements of (1) double-strand coverage, (2) min-

imum quality score (Ewing and Green 1998) of Q30, and (3) no

high-quality discrepancy between strands at any position, the error

rate fell to 2.2 errors per kilobase. However, when we realigned the

quality-filtered data to the 13 reference J gene segments, this

residual sequence error still generated thousands of distinct J genes

(Fig. 1A). The presenceof a huge excess of distinct sequences that are

artifacts is clearly problematic when the goal is to enumerate the

number of real distinct sequences in a sample. We found that even

more aggressive quality filtering (i.e., a higher Q value threshold)

was not helpful and that redundancy was the only useful metric for

distinguishing real from erroneous sequences.We observed that the

13 J segments were represented by 96% of the data, with 1.1 6 0.9

(mean 6 SD) million–fold coverage, and the remaining 4% of the

data represented all of the thousands of artifactual J sequences, with

78 6 448 (mean 6 SD)-fold coverage. Thus, by restricting the data

set to those distinct sequences that are represented by 96% of the

data, all real sequences were retained and all erroneous sequences

were removed (Fig. 1B).We call this a D96 cutoff. A D50 cutoff, for

example, would restrict the data set to fewer but higher copy

number sequences, which together would account for 50% of the

data and could not be artifacts because the same sequence errors

could not, by chance, have been incurred at the same position so

many times. A D100 data set would be unrestricted but highly

error prone because it would contain many distinct sequences at

low copy number, where sequences were grouped together be-

cause of the chance occurrence of the same sequencing error at

the same position not because they represent the same T-cell

clone. The corollary of this feature of the data is that it is not

Figure 1. Distinct TCRB sequences. (A) Sequence coverage of distinct
TRBJ sequences observed upon alignment of Illumina reads quality fil-
tered to >99.9% predicted accuracy (Q30). There was substantial cov-
erage, up to several million-fold, of the 13 human TRBJ segments, but
thousands of artifactual distinct TRBJ sequences were also observed,
arising from residual sequencing error. (B) Restricting the data set to D96
effectively retains all real TRBJ sequences and excludes all of the artifac-
tual TRBJ sequences observed when no coverage restriction is applied
(D100).
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possible to distinguish between sequences from very rare T cells

and sequencing errors.

Having determined, empirically, that D96 is an appropriate

cutoff for eliminating artifactual sequences, we applied the D96

restriction to CDR3, the highly variable region of TCRB that com-

prises the VDJ recombination junctions and for which no reference

sequence exists. The error model and threshold derived from anal-

ysis of J sequencewill be evenmore stringentwhen applied toCDR3

because CDR3 is located in the middle of the 59-RACE amplicon,

where double-stranded coverage and consensus quality are highest.

We used the standard definition of CDR3 as the region between the

last conserved cysteine of the V gene and the first conserved

phenylalanine of the J gene in the conservedmotif FGXG, andwe

defined a distinct TCRB sequence as having a precise VDJ rear-

rangement, effectively captured by the CDR3 sequence signature,

flanking V and J genes, and deleted 39V and 59J bases. The D gene

segment is too short to reliably annotate and is contained within

CDR3 variation.

TCRB diversity is greater than that captured by a single library

or a single blood sample

Quality filtering andD96 restriction of 142.1million raw reads pairs

obtained from the first library yielded 181,258 distinct TCRB se-

quences. Saturation analysis predicted that even deeper sequencing

would not produce very many new sequences (Supplemental Fig.

S1); however when we obtained an additional lane of Illumina

data from a second library that had been constructed from the

same blood sample, we observed, unexpectedly, that 74.8% of

quality filtered TCRB sequences from this second library were

novel. Library exhaustion is a recognized but under-reported

phenomenon of massively parallel sequencing, and at least for

the present application, our data clearly show that a single library

may not adequately capture the diversity of a biological sample.

Recognizing this limitation, we constructed 10 additional librar-

ies, consuming all of the starting PBMC RNA from the first blood

sample from this donor. We sequenced one to two lanes from

each of the new libraries to obtain 632.7 million pairs of raw

reads (Table 1). This is a large data set equivalent to about 50-fold

coverage of the entire human genome. The data were quality

filtered and D96 restricted as described above, yielding 494,796

distinct TCRB sequences, each with ninefold or higher coverage

(Table 1).

We also sequenced five libraries constructed from a second 20

mL blood sample from the same subject 1 wk later (day 8),

obtaining 149.5 million raw read pairs and 352,139 distinct TCRB

sequences (Table 1). We performed saturation analyses to de-

termine howmuch of the diversity, within each blood sample, had

been captured. By rarefaction analysis (random resampling of in-

creasingly larger subsets of the data), there is an appearance of sat-

uration sequencing of both blood samples (Fig. 2A) but a higher total

number of distinct sequences obtained for blood draw 1, which was

sequenced much deeper than blood draw 2. It is important to note,

however, that rarefaction curves are not informative regarding total

abundance and that by random resampling any data set will show

a trend toward saturation. Therefore, in addition to rarefaction, we

used accumulation analysis, whereby we plotted the number of

distinct sequences found in each new library sequenced against the

total number of distinct sequences from the blood sample as a

whole. This approach, which takes into account the limitation of

library exhaustion, illustrates that nearly all of the diversity present

in the first blood sample has been captured (Fig. 2B). Interestingly,

33.5% of total sequences from the second blood sample were ob-

served in the first, but after collapse into distinct sequences, there

was only 12.8% overlap (Fig. 2C). This illustrates that independent

blood samples containmany of the same abundant clonotypes but,

due to the stochastic nature of sampling, fewer rare clonotypes.

Further, it illustrates that a 20 mL blood sample captures only

a portion of the diversity present within an individual’s peripheral

blood repertoire.

Diversity and plasticity of CD45RA+/ROÿ and CD45RAÿ/RO+

T-cell subsets

To compare diversity between naı̈ve and memory T-cell subsets, we

analyzed a separate 20mL sample of peripheral blood from the same

healthy 29-yr-old donor, taken on day 1. From this sample, we FACS

sorted 1.3 million CD3+/CD45RA+/CD45ROÿ cells (naı̈ve) and 1.0

million CD3+/CD45RAÿ/CD45RO+ cells (memory) (Supplemental

Fig. S2). TCRB mRNA was amplified by 59-RACE, Illumina se-

quenced, and quality filtered as described above to yield 55,253 and

52,166 distinct TCRB sequences, respectively (Table 1). We see very

similar clonal diversity within these twoT-cell subsets (Fig. 3A), with

only slightly higher clonality detected within the memory subset.

Surprisingly, we found that only a portion of sequences from the

naı̈ve and memory subsets matched sequences obtained from the

deep analysis of unsorted cells fromthis donor (Fig. 3B). This is likely

due to the fact that the cells are from an independent blood draw,

and therefore, sequence signatures would be expected to overlap

only partially. Very few (<1% for naı̈ve and <3% for memory) of the

new sequences found within the sorted subsets matched anything

that hadbeen removed byD96 restriction from the deep sequencing

Table 1. TCRB sequence statistics

Subject Timepointa Cell type
T-cell content

(3106)
No. of
libraries

Raw reads
sequenced

D96
cutoff

Total TCRB
sequences (nt)

Distinct TCRB
sequences (nt)

Productive
rearrangementsb (%)

Male 1 Day 1 PBMC 12.0 11 1,265,489,402 9 188,287,192 494,796 99.0
Day 8 PBMC 13.2 5 299,077,972 3 21,383,933 352,139 98.8
Day 1 RO+/RAÿ 1.0 1 38,069,567 44 15,559,088 52,166 98.5
Day 1 RA+/ROÿ 1.3 1 37,764,624 19 14,754,019 55,253 98.2
Day 8 RO+/RAÿ 0.7 1 29,199,761 5 15,615,214 83,206 99.1
Day 8 RA+/ROÿ 0.7 1 28,881,946 3 15,128,814 121,233 99.0

Male 2 Day 1,8 PBMC 16.4, 18.2 3 307,058,456 2 6,219,383 193,551 98.4
Female Day 1,8 PBMC 18.2, 18.0 2 91,110,650 2 1,069,612 93,990 98.5

aSame-day samples are independent blood draws.
bTCRB sequence in correct reading frame that passed base quality filtering at the D96 cutoff.
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of PBMC-derived amplicons, so it is not the case that there was

overly aggressive filtering of the deeply sequenced set.

We also observed 540 TCRB sequences, most having a high

copy number, which were present in both populations of sorted

cells (Supplemental Fig. S3). The observation of dual marker cells is

Figure 2. TCRB diversity in peripheral blood samples. (A) Rarefaction
curves plotted using all data from all libraries from blood draw 1 (round
symbols) and blood draw 2, taken 1 wk later (square symbols) from donor
1. Random resampling was done in triplicate, and error bars are contained
within symbols. Both curves plateau, suggesting that more sequencing of
either sample would not be expected to produce many new sequences.
However, this tendency toward leveling is a property of rarefaction curves,
and the plateau is not informative regarding absolute abundance. Hence,
rarefaction curves must be interpreted with caution. (B) Accumulation
analysis provides a more meaningful measure of saturation. Here we show
the number of new distinct sequences found in each library (x-axis) against
the total number of distinct sequences from the blood sample as a whole.
The TCRB diversity within blood draw 1 from donor 1 appears to have
been captured, since analyzing additional libraries would not be expected
to yield many new TCRB sequences. In contrast to the rarefaction curve
present in the previous panel, library-based accumulation shows that the
diversity of blood draw 2 is similar to that of blood draw 1 but has not yet
been fully captured. (C ) Despite saturation of blood draw 1, sequences
found in blood draw 2 only partially overlap, indicating that there is
considerable un-sampled diversity within the peripheral blood TCRB
repertoire of this individual.

Figure 3. TCRB sequence diversity in the naı̈ve and memory com-
partments of a deeply sequenced individual. (A) Frequency distributions
of CD45RA+/CD45ROÿ (naı̈ve) and CD45RAÿ/CD45RO+ (memory)
T-cell subsets isolated by FACS from PBMCs from a separate blood sample
from donor 1, taken on day 1. The similarity of the two curves reflects the
presence of high diversity within both subsets, although this is slightly
greater for the naı̈ve subset, as evident from the extended tail of the dis-
tribution. There are, in both cases, a small number of extreme copy clo-
notypes and a relative clonotype abundance varying over four orders of
magnitude. (B) There is more overlap with the deeply sequenced sorted
cells for the memory versus the naı̈ve subset, but even the overlap of the
memory subset is modest. This is consistent with a large total repertoire
size that can be only partially captured in a given blood draw. (C ) Of the
sequences that were shared between sorted naı̈ve and memory cells on
day 1, there was a preferential transition to the memory subset on day 8.
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consistent with previous reports (Deans et al. 1989; Johannisson

and Festin 1995, Wang et al. 2010). Because sorted cells were of

high purity (Supplemental Fig. S2), it is unlikely that this mixed

phenotype is an artifact of sorting. Rather, these cells may represent

a population of acutely expanded effectors where the expression of

CD45RA+ versusCD45RO+ is in transition. To address this question,

we sorted cells from an additional sample of peripheral blood from

this donor, taken on day 8, into CD3+/CD45RA+/CD45ROÿ and

CD3+/CD45RAÿ/CD45RO+ subsets, and sequenced and analyzed as

above (Table 1). Of the 540 TCRB sequences that were shared be-

tween the memory and naı̈ve compartment on day 1, 453 were re-

identified on day 8. Of these, 224 were still found in both pop-

ulations of sorted cells. However, of those that were found at day 8

in only one cell population or the other, 29 were in the CD45RA+

population and 200 were in the CD45RO+ population. This illus-

trates plasticity of a T-cell subset, as defined by surface marker ex-

pression, and a preferred directionality for transition (Fig. 3C).

A modest proportion of sequences are shared among

individuals, and these show a signature of antigen selection

To compare repertoire diversity among the individuals, we

obtained, with informed consent, peripheral blood samples (20

mL) from two additional healthy, unrelated donors. One of the

new donors (male, 33 yr) had no HLA class I match to the first

donor, and the other newdonor (female, 33 yr) wasmatched to the

first donor at all threeHLA class I loci (Table 2). Two blood samples,

taken 1 wk apart, were obtained from each donor, and these con-

tained between 16.4 million and 18.2 million ab T-cells. PBMCs

were purified, and TCRB sequencing was performed as described

above to yield 193,551 and 93,990 distinct TCRB nucleotide se-

quences from each donor, respectively (Table 1). Due to the lower

depth of sequencing, data from each of the two samples from the

same donor were pooled. We determined the number of TCRB

sequences from each of the two additional donors that were ob-

served in any of the sample from the first donor. Doing the com-

parisons in this manner controls for the different sequencing

depths achieved. Each repertoire was found to bemostly unique at

the nucleotide level. The female donor shared 1.1% of her sampled

TCRB sequences with male donor 1, and male donor 2 shared 0.7%

of his sampled TCRB sequences with male donor 1. Next, we

translated CDR3 sequences in silico and repeated this analysis, with

markedly different results (Table 3). At the amino acid level, the

female donor shared 14.2% of her sampled sequences with male

donor 1, andmale donor 2 shared 11.7%of his sequenceswithmale

donor 1. This is consistent with the notion that the response to

antigen led to retention of certain preferred amino acid sequences

that, due todegeneracyof the genetic code,were specified by a larger

diversity of nucleotide sequences. The different nucleotide se-

quenceswould be expected to be contributed by different cells, such

that in some cases a given T-cell specificity may represent responses

from multiple, independent precursor cells. We then segregated

sequences into those that were shared versus unique for a given

donor. When the ratios of amino acid versus nucleotide sequences

in these two groups were compared, the shared sequences have a

much stronger signature of selection (Table 3). We observe a strong

association between the sharing of HLA class 1 alleles and the pro-

portion of shared TCRB sequences (P < 1 3 10ÿ6, x2 test for two

proportions), and we note that compared with unique sequences,

shared sequences have shorter mean CDR3 length and higher mean

abundance (P < 1 3 10ÿ4, unpaired t-test or one-way ANOVA with

Newman-Keuls post hoc test) (Table 3). Finally, in contrast to the

predominant individuality of sequence specificitywithin repertoires,

we observed striking similarity in the pairing frequency between the

specific Vand J gene segments among individuals (Supplemental Fig.

S4). Pairwise comparisons betweendonors of Vand J usage produced

Pearson correlation coefficients of 0.87 6 0.02 (mean 6 SD) and

0.79 6 0.12 (mean 6 SD), respectively.

Discussion

Here we report the deepest sequencing of any immune repertoire

to date, capturing a total of 1,061,522 TCRB sequences from

a single individual. This value places a new lower boundary on

T-cell peripheral repertoire size that is consistent with the long-

standing estimate of approximately 1 million distinct TCRB se-

quences in peripheral blood (Arstila et al. 1999), whichwas derived

by amplification and exhaustive sequencing of a small subset of

specific V-J recombinants. However, the lower bound figure we

report here is definitive because it is directly measured. We see only

partial overlap between the two, independent, deeply sequenced

blood samples from an individual (Fig. 2C), so it is clear that total

peripheral blood repertoire size is higher still. In principle, it should

be possible to estimate total repertoire size based on the observed

overlap; however, the usual statistical methods, such as those used

by ecologists to estimate species richness, are not well suited to this

problem. They are confounded by the extreme heterogeneity in the

abundance of different sequences observed within a library, the

variation in sampling depth (i.e., number of sequence reads) among

libraries, and the difficulty in distinguishing very rare sequences

from sequencing errors. Thus, an accurate estimation of total rep-

ertoire size awaits the development of new statistical methods that

can account for these issues.

For sequence-based repertoire profiling, the recognition and

mitigationof sequencing error is extremely important.We show that

even aggressive error filtering approaches that would be considered

adequate for most applications are ineffective here, where there is

very intensive sequencing of a short but highly variable target. The

situation can be improved byusing sequence redundancy as ametric

for higher stringency error filtering. In our approach, co-amplified

and sequenced J gene segments provide a useful empirical measure

of error rate that can be used to inform quality filtering. We find

that with appropriate error filtering, it is possible to exhaustively

sequence a library and, by interrogating numerous libraries, ex-

haustively sequence a blood sample. Unethically intensive sam-

pling would be necessary to exhaustively sequence a human

immune repertoire.

In addition to measuring total TCRB diversity, we compared

diversity within memory (CD45RAÿ/CD45RO+) and naı̈ve

(CD45RA+/CD45ROÿ) subsets. Following exposure to antigen,

naı̈ve cells proliferate rapidly and differentiate into effector cells.

Table 2. HLA class I alleles for TCRB repertoire profiling subjects

Subject HLA class 1 Locus Zygosity Allele 1 Allele 2

Male 1 A het A*01:01P A*25:01P
B het B*08:01P B*39:01P
C het C*07:01P C*12:03P

Male 2 A het A*02:01P A*26:01P
B het B*38:09 B*44:02P
C het C*05:01P C*12:03P

Female A homo A*01:01P NA
B homo B*08:01P NA
C homo C*07:01P NA

Human T-cell repertoire analysis
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The splicing of the signaling molecule CD45 is altered so that the

CD45RA+ isoform is replaced by the CD45RO+ isoform typical of

effector and memory cells. While we were initially surprised to see

comparable diversity in these two subsets, this observation is con-

sistent with, and confirms, a recent report that both the CD45RA+

naı̈ve subset and the CD45RO+ memory subset contain many

unexpanded clones (Klarenbeek et al. 2010). The presence of

abundant naı̈ve (CD45RA+) clonotypes is puzzling as it is unclear

why they would be expanded, if not in response to antigen expo-

sure. It has been suggested, however, that these abundantCD45RA+

clonotypes may originate from proliferating cells that have not yet

shifted to CD45RO+ expression or that there may exist populations

of effector cells that have reverted to expression of CD45RA+

(Akondy et al. 2009). In our data from sorted cells, most TCRB se-

quences at day 1 are unique to one population, but there were

hundreds of examples of an identical TCRB sequencebeing found in

both the CD45RA+ and CD45RO+ sorted populations. At day 8,

many more of these were found only in the CD45RO+ subset than

were found only in the CD45RA+ subset (Fig. 3C). These results are

consistent with a preferential transition to a memory phenotype,

but interestingly, this is not absolute, since some cells did change to

expressing CD45RA+ only.

By comparing TCRB nucleotide sequences sampled from

two additional subjects to the deeply sequenced repertoire from

the first subject, we see that sharing among subjects is minimal

and that at the nucleotide level individual repertoires are largely

distinct. The observation of any sequence sharing at all is re-

markable, however, since the space of theoretically possible

TCRB sequences is vast (Davis and Bjorkman 1988) and shared

sequences would not be expected by chance. The observation of

shared sequences has been reported recently (Robins et al. 2010),

where it was noted that sharing was highly elevated compared to

what would be expected by chance, when comparing to a model

of total theoretical receptor diversity. Here, we confirm sequence

sharing, and we show that sharing is much more extensive at the

amino acid than at the nucleotide level. This is consistent with

selective pressure on TCRs, whereby a TCR amino acid sequence

with suitable antigen binding characteristics may be encoded, in

different cells, by different nucleotide se-

quences and selected independently.

One well-established mechanism of

antigen selection is positive selection for

HLA binding affinity during thymic T-cell

maturation, and in our study, we see a

clear association between proportions of

shared TCR sequences and shared HLA

class I alleles. Such an association has not

been reported previously, and although

ours is a preliminary observation based on

only three subjects, it is highly statistically

significant (P < 1310ÿ6). It suggests an

influence of HLA type on T-cell repertoire

features that deserves further scrutiny.

Methods

59-RACE and preparation of 59-RACE

products for Illumina sequencing

Samples of peripheral blood (;20 mL

each)were obtained by venipuncture. For

each of the three donors, samples were obtained on two separate

days, 1 wk apart. PBMCs were isolated immediately from each

sample by Ficoll-Paque (GE Healthcare) gradient centrifugation.

For male donor 1, an additional, independent blood sample was

taken on each day for the purpose of sorting the CD45RA+ and

CD45RO+ subsets. To estimate numbers of T-cells in each sample,

bulk PBMCswere stainedwith FITC-conjugated anti-human TCRab

(clone T10B9.1A-31) and PE-Cy5-conjugated anti-human CD3

(clone UCHT-1; both from BD Biosciences) and were analyzed on

a FACS Calibur, collecting a total of 50,000 events. For library con-

struction, cells were centrifuged at 400g and resuspended in 2.4 mL

buffer RLT (Qiagen), and 600 mL aliquots were passed through a 27-

gauge needle. Each aliquot was processed using anRNeasy PlusMini

column (Qiagen) according to the manufacturer’s specifications.

The eluates were pooled and the concentration determined using

a NanoDrop ND-8000 spectrophotometer. First-strand cDNA was

synthesized using a published TRBC primer (59>CACGTGGTCGG

GGWAGAAGC<39) (Ozawa et al. 2008). A target-switching oligo

(Peters et al. 1999) (59>AAGCAGTGGTAACAACGCAGAGTACGC

GGG<39) was added to provide a 59 template for RACE. First-strand

synthesis reaction conditions were as follows: 333 ng RNA, oligo-

nucleotides 1 mM each, 2 mM DTT, 1 mM each dNTP, 50 mM Tris-

HCl (pH 8.3), 75 mM KCl, 6 mM MgCl2, 40 U of RNaseOUT (Invi-

trogen), and 200 U SMARTScribe Reverse Transcriptase (Clontech)

in a 20 mL volume. Extension was for 90 min at 42°C followed by

inactivation for 15 min at 70°C. PCR was performed using Phusion

Hot-Start DNA Polymerase (Finnzymes) and 8.0 mL of first-strand

reactions with long and short universal primers (59>CTAATACGA

CTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT<39 and 59>C

TAATACGACTCACTATAGGGC<39) and a nested TRBC primer,

(59>TCTCTGCTTCTGATGGCTCAAAC<39). Reaction conditions

were as follows: 16 U enzyme, 13 PhusionHF amplification buffer,

3% DMSO, long universal primer at 0.1 mM, short universal and

nested primers at 0.5 mM each, and 0.2 mM each dNTP in an 800

mL volume. Each reaction was split into 50 mL aliquots. For cy-

cling, a 30-sec denaturation at 98°C was followed by 26 cycles of

10 sec at 98°C, 10 sec at 55°C, and 20 sec at 72°C, plus a final

extension for 5 min at 72°C. The reaction was purified using two

QIAquick columns (Qiagen), and the eluates were pooled and

loaded on a 1.5% Tris-acetate low melting temperature agarose gel

Table 3. Comparison of properties of shared and unique CDR3 sequences

aAn amino acid sequence can be encoded by more than one nucleotide sequence. CDR3(nt) refers to
the total number of observed nucleotide sequences that encode the number of amino acid sequences
specified in the adjacent column.
*P < 0.0001, comparison of shared and unique using an unpaired, two-tailed t-test.
**P < 0.0001, comparison of shared and unique using one-way ANOVA, Newman-Keuls post hoc test.
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(Seaplaque GTG, Mandel). The gel segment corresponding to a

product size of 500–625 bp was excised and melted at 65°C in 1/10

volume of 3 M NaOAc, digested at 42°C with 1000U beta-Agarase

(New England Biolabs) per milliliter for 2 h, and then purified by

phenol extraction and ethanol precipitation. PCR was performed

on a fraction of the first-round reaction with a nested universal

primer (59>ACGACTCACTATAGGGCAAGCAG<39) and an equi-

molar combination of two biotinylated primers (59>biotin/ACACT

TAATTAACGGGTGGGAACACCTTGTTCAGGT<39) and (59>biotin/

ACACTTAATTAACGGGTGGGAACACGTTTTTCAGGT<39), which

contain 59 PacI sites and are specific for TRBC1 and TRBC2, re-

spectively. Reaction conditions were as follows: 800 ng purified

fragment, 4 U Phusion Hot-Start DNA Polymerase (Finnzymes) 13

Phusion HF amplification buffer, 3% DMSO, 0.5 mM oligonucle-

otides, and 0.2 mM each dNTP in a 400 mL volume. A 30-sec de-

naturation at 98°C was followed by eight cycles of 30 sec at 98°C

and 20 sec at 72°C, plus a final extension for 5 min at 72°C. The

nested PCR reaction was purified using two QIAquick columns.

Three micrograms was then sheared using the Covaris S1 (Ap-

plied Biosystems). Reaction conditions were as follows: 100 mL

reaction volume, with a concentration of 100 ng/mL and 18 cy-

cles with a duty cycle of 10%, intensity of 5, and cycles per burst

at 200 for 30 sec. Biotinylated fragments were then purified using

100 mL of Dynabeads M-270 Streptavidin (Invitrogen) prepared

according to the manufacturer’s specifications. Washed and

bound biotinylated fragments were then cleaved with PacI (re-

action conditions; 13 NEB buffer 1, 100 mg/mL BSA, 50 U PacI

[NEB] in a 300 mL volume for 2 h at 37°C followed by 20 min at

70°C) and ethanol precipitated.

The sample was loaded on a 8% polyacrylamide gel, and the

fraction from 125–175 bp was excised, purified, and blunted. Re-

action conditions were 13 NEB blunting buffer, 100 mM dNTPs,

1 mL blunting enzymemix (NEB E1201S) in a 25 mL volume, for 30

min at 21°C. The product was purified by phenol/chloroform ex-

traction and ethanol precipitation prior to A-tailing. Reaction con-

ditionswere as follows: 5 UKlenow fragment (39!59 exo–; NEB), 13

reaction buffer, 200 mM dATP in a 50 mL volume, 30 min at 37°C.

The product was purified by phenol/chloroform extraction and

ethanol precipitation in preparation for ligation to Illumina PE

adapters. Reaction conditions were as follows: 13 NEB T4 DNA li-

gase buffer, 1200UT4DNA ligase (NEB), 1mL PE adapters in a 30mL

volume, 15min at 21°C. The product was purified using a QIAquick

column (Qiagen) and eluted in a volume of 30 mL. Ten microliters

was then amplified by PCR using Illumina primers 1.0 and 2.0

(Reaction conditions; 1 U Phusion Hot-Start DNA Polymerase, 13

Phusion HF amplification buffer, 3% DMSO, 0.3 mM oligonucleo-

tides, and 0.2 mM each dNTP in a 25 mL volume). A 2-min de-

naturation at 98°C was followed by 10 cycles of 10 sec at 98°C, 30

sec at 65°C, and 30 sec at 72°C, plus a final extension of 5 min at

72°C. The PCR product was purified using a MinElute column

(Qiagen)with a final volumeof 13mL and further purified froma8%

polyacrylamide gel.

We chose to sequence mRNA, not the rearranged genomic

locus, because VDJ rearrangement leaves residual and potentially

interfering priming sites. For transcript sequencing, 59-RACE is the

method of choice because it mitigates the risk of PCR bias that

could be incurred if amplification relied instead on using multi-

plexed V- and J-segment specific primers.

Illumina sequencing and analysis

Illumina libraries were sequenced (100- to 150-bp paired-end reads)

using an Illumina GAIIx analyzer. Most data was of read length 114

bp, and sequencing to 150 bp did not increase substantially the

yield of TCRB sequences post quality filtering. A microassembler

was developed to join overlapping paired-end reads from each se-

quencing template. Briefly, the assembler uses Exonerate (Slater and

Birney 2005) to perform gapless alignments between any two mate

pairs and joins the reads into sequence contigs, provided the reads

align on opposite strands, facing inwards. Each alignment is scru-

tinized at run-time to resolve base conflicts, whenever applicable,

and a consensus base sequence and quality score was generated for

each newly formed contig. Agreeing bases on opposite strands were

given a consensus score that corresponds to the sumof individual Q

scores. Disagreeing bases were assigned an N at that position and

a score of zero, unless the base call on one strand was 99.9% accu-

rate or higher ($Q30) and the discrepant base on the other strand

was <99% accurate (<Q20). In the latter case, the most accurate base

was called. We found that 68.3% of all raw sequence pairs assemble

and that attrition of pairs that do not assemble is due to many fac-

tors, including mixed clusters on the flow cell, sequence errors,

and templates too long for mate pairs to overlap. Annotation of

the aligned paired ends contigs was done as previously described

(Freeman et al. 2009). Briefly, assembled pairs aligning to the 39 end

of Ensembl TRBV gene predictions (Flicek et al. 2010) were retained

and searched for the presence of 18 consecutive TRBJ segment bases.

For any TRBJ segment, any 18-letter word from base positions

1–25 characterized uniquely that segment and allowed the identi-

fication of the preciseTRBJ segment boundary aswell as the number

of TRBJ bases deleted. The TRBV segment boundaries and exact

number of deleted TRBV bases were inferred by tracing back the

alignments in the contig under scrutiny. Distinct TCRB sequences

were identified as having unambiguousVand J segment annotation

paired with a unique CDR3-encoded nucleotide sequence in a spe-

cificVDJ rearrangement that accounts for bases added anddeleted at

the junction. Only CDR3-encoded bases bearing no ambiguous (N)

bases and having a base accuracy of 99.9% or higher at each base

position were considered further. CDR3 is defined as the region

between the last conserved cysteine of the V gene and the first

conserved phenylalanine of the J gene in the conserved motif

FGXG.

Real error rates were determined by analysis of TRBJ segments,

which do not rearrange and for which reference sequences are

known. This is important since the mechanism of base alteration

within CDR3 that creates the vast diversity in T-cell specificity

yields a sequence for which no reference exists. Errors were re-

ported by comparing raw single-pass Illumina reads, double-strand

coverage, and high-quality sequences to reference TRBJ sequences

(Flicek et al. 2010). The latter set was further scrutinized to estab-

lish a sequence validity threshold by computing the proportion of

J segments that did not match known TRBJs perfectly, as described

in the Results section above.

HLA typing

HLA class I alleles were identified by sequence based typing. gDNA

was extracted from patient granulocytes, and exons two and three

from HLA class I genes (A, B, and Cw) were amplified by PCR using

TAKARA polymerase (NEB), using primer sequences published pre-

viously (Cereb et al. 1995). PCR amplicons were inserted into a PCR-

4-TOPO vector (Invitrogen) and cloned. Numerous clones for each

locuswere sequenced using anABI 3730XL instrument according to

standard procedures. Clone sequences were assembled using phred/

phrap/Consed (http://www.phrap.org). The resulting sequence data

were aligned against all available exon 2 and 3 nucleotide sequences

from the 3.1.0 release of the IMGT/HLA database (Robinson et al.

2003) using ClustalW (Larkin et al. 2007). Allele assignments (four-

digit codes) (Marsh et al. 2010) were based on high-quality exact or

synonymousmatches at informative nucleotide positions. Any PCR

or cloning-based discrepancies were resolved manually, guided by
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zygosity, proportional coverage, and the low likelihood that any low

coverage sporadic variant represents a novel allele.
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CD20+ B Cells: The Other Tumor-Infiltrating Lymphocytes

Brad H. Nelson

Tumor-infiltrating CD8+ T cells are strongly associated
with patient survival in a wide variety of human can-
cers. Less is known about tumor-infiltrating CD20+

B cells, which often colocalize with T cells, sometimes
forming organized lymphoid structures. In autoimmu-
nity and organ transplantation, T cells and B cells col-
laborate to generate potent, unrelenting immune re-
sponses that can result in extensive tissue damage and
organ rejection. In these settings, B cells enhance T cell
responses by producing Abs, stimulatory cytokines,
and chemokines, serving as local APCs, and organizing
the formation of tertiary lymphoid structures that sus-
tain long-term immunity. Thus, B cells are an impor-
tant component of immunological circuits associated
with persistent, rampant tissue destruction. Engage-
ment of tumor-reactive B cells may be an important
condition for generating potent, long-term T cell re-
sponses against cancer. The Journal of Immunology,
2010, 185: 4977–4982.

T
he field of tumor immunology is strongly focused on
CD8+ T cells, owing to their ability to directly kill
tumor cells and the strong association between tumor-

infiltrating CD8+ T cells and patient survival in many can-
cers (1). In contrast, B cells are often overlooked by tumor
immunologists, likely because of the common notion that hu-
moral and cytolytic responses work in opposition. Yet, B cells
figure prominently in the fields of autoimmunity and tissue
transplantation, settings in which T cell responses are so strong
and persistent as to override the best attempts at immunosup-
pression. Given that the immune response to cancer develops
over many years and, one hopes, can be manipulated to pro-
vide protection on a time scale of decades, there is undoubt-
edly much to be learned from the chronic immune responses
seen in autoimmunity and transplantation. In this study, I will
compare B cell responses in cancer, autoimmunity, and trans-
plantation, with the goal of elucidating the mechanisms used
by B cells to facilitate long-term T cell responses.

B cell development and differentiation

Human B cells develop in the bone marrow and initially have
a naive phenotype manifested by unmutated Ig status, expres-
sion of IgM and IgD, and a CD272CD382 surface phenotype
(2). After activation by Ag, B cells enter primary follicles of
lymph nodes or other lymphoid tissues where they undergo
extensive proliferation, forming germinal centers (GCs) in
which somatic hypermutation and class switching to IgG,
IgA, or IgE take place. In the GCs, B cells receive growth
and differentiation signals from follicular Th cells and com-
pete for Ags presented by follicular dendritic cells (FDCs) in
a process known as affinity maturation. B cells further differ-
entiate into plasma cells (which produce high-affinity Abs)
and long-lived CD27+CD382 memory cells (which respond
to subsequent Ag encounters). CD20 is expressed on all ma-
ture B cells except plasma cells (3).
Although B cells typically reside in conventional lymphoid

tissues such as spleen, lymph node, or blood, they can also be
found in nonlymphoid tissues in aggregates with other im-
mune cells. Such aggregates have been given various names
but will be referred to here as tertiary lymphoid structures
(TLSs). TLSs range from small aggregates of B cells, T cells,
and DCs through to highly organized structures containing
GCs, FDCs, T cell zones, high endothelial venules, and lym-
phatic vessels (4, 5). TLSs are found at sites of infection or in-
flammation in essentially any organ of the body and facilitate
rapid and robust local immune responses (4, 5). As discussed
later, TLSs are also seen in chronic immune responses associ-
ated with autoimmunity, allograft rejection, and cancer.

B cells in autoimmunity

In addition to their important role in immunity to patho-
gens, B cells contribute to various human autoimmune diseases
through Ab-dependent and -independent mechanisms (6, 7).
Autoantibodies contribute to autoimmune pathogenesis by
inhibiting the function of their target proteins, activating the
complement system, augmenting Ag presentation by DCs, or
causing end-organ damage through the formation of immune
complexes. In addition to making Abs, autoreactive B cells
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can enhance T cell responses through Ag presentation, co-
stimulation, and modulation of DC migration and function
(6, 7). For example, in the MRL/Mp-lpr/lpr model of lupus,
mice that are genetically deficient in B cells not only fail to de-
velop autoantibodies but also show greatly attenuated CD4+

and CD8+ T cell activation and reduced lymphocytic infiltra-
tion of end organs (8, 9).
Autoreactive B cells are found in TLSs in many autoim-

mune conditions, including rheumatoid arthritis (RA), Sjög-
ren’s syndrome, multiple sclerosis, autoimmune thyroiditis,
diabetes, and lupus nephritis (4–6). In RA, TLSs are located
in synovial tissue and serve as sites of clonal expansion, affinity
maturation, and autoantibody production by B cells (7, 10–
12). In a xenograft model in which affected synovial tissue
from patients with RA was implanted in scid mice, depletion
of synovial B cells lead to the disappearance of TLSs, reduced
activation of T cells, and reduced levels of TNF-a and IFN-
g (13). Similarly, depletion of CD8+ T cells resulted in TLS
disintegration and decreased lymphotoxin and Ig secretion
(14). Thus, B cells and T cells collaborate to maintain TLS
structure and function.
The anti-CD20 mAb rituximab has been used to deplete

B cells in various autoimmune conditions (6, 7). In RA, ritux-
imab reduces autoantibodies as expected, yet it also benefits
many autoantibody-negative patients by disrupting Ab-inde-
pendent functions of B cells (7, 15). Specifically, rituximab
causes the disappearance of TLSs, with concomitant loss of
plasma cells, T cells, macrophages, and FDCs (16). Likewise,
in patients with lupus, rituximab treatment results in de-
creased T cell activation and increased circulating regulatory
T cells (Tregs) (15). In idiopathic thrombocytopenic purpura,
rituximab can restore a normal CD4+ Th1/Th2 ratio (17).
Finally, in multiple sclerosis, rituximab reduces the number of
B and T cells in cerebral spinal fluid, with associated clinical
benefit (18). Collectively, the use of rituximab in autoimmu-
nity reveals a central role for B cells in the maintenance of
pathological T cell responses.

B cells in allograft rejection

B cells also play a major role in allograft rejection. In a land-
mark study, renal allograft biopsies from patients undergoing
acute rejection (AR) were subjected to gene expression pro-
filing (19). As expected, there was a strong gene signature
associated with T cells, NK cells, and macrophages. Unex-
pectedly, a B cell signature (including CD20, CD74, and Ig)
was also prominent. By immunohistochemistry, ∼40% of AR
samples showed aggregates containing B cells, CD4+ T cells,
CD8+ T cells, and macrophages (20). These aggregates were
not associated with Ig or complement deposition, suggesting
an Ab-independent role for B cells (19, 20). The presence of
CD20+ B cells correlated with glucocorticoid resistance and
graft loss. B cell infiltrates have also been described in human
liver transplants undergoing AR (21), as well as cardiac trans-
plants (22, 23).
B cells are thought to promote graft rejection by three ma-

jor mechanisms (24). First, they produce donor-reactive Abs,
which can damage tissue via complement and Ab-dependent
cytotoxicity (23). Second, B cells produce cytokines and che-
mokines that can directly damage grafts as well as recruit
T cells. Third, B cells can serve as APCs (25). For example,

in a mouse cardiac allograft model, B cells contributed to graft
rejection by presenting alloantigens to CD4+ T cells (26).
Depletion of CD20+ B cells with rituximab can ameliorate

renal allograft rejection (27–31). Not only does rituximab
reduce CD20+ B cell aggregates in kidney tissue, it reduces
expression of T cell-associated gene products such as OX40,
Fas ligand, and granzyme B (29, 30). Thus, as in autoimmu-
nity, B cells appear to facilitate pathological T cell responses
against tissue allografts.

B cells in cancer

In contrast to the above findings in autoimmunity and
transplantation, initial studies in mouse tumor models sug-
gested that B cells generally inhibit T cell responses. For ex-
ample, studies comparing wild-type and B cell-deficient mice
found that B cells inhibit T cell-mediated regression of estab-
lished tumors (32, 33), as well as T cell responses to cancer
vaccines (34–36). B cells can impair the priming of CD8+

CTL responses by CD4+ T cells and instead promote non-
protective humoral immune responses (37). Notably, how-
ever, other murine tumor studies have shown positive ef-
fects of B cells on T cell responses (38, 39). How can these
conflicting results be reconciled? A key factor may be the
activation status of B cells in different contexts, as T cell
responses appear to be inhibited by resting B cells but facil-
itated by activated B cells (25, 40). Thus, studies in B cell-
deficient mice, which lack both resting and activated B cells,
could potentially yield conflicting results depending on the
extent of B cell activation in the particular model system. As
described below, B cells are commonly activated in human
cancer patients, raising the possibility they play a positive role
in tumor immunity.
Since the advent of serological cloning methods, it is now

recognized that the majority of human cancer patients mount
tumor-specific autoantibody responses (41). A wide variety of
tumor Ags are recognized, including overexpressed proteins
(e.g., HER-2/neu), aberrantly expressed proteins (e.g., cancer-
testis Ags), and a plethora of apparently normal self-proteins
(41, 42). Furthermore, standard treatments for cancer, such as
hormone and radiation therapy, can trigger additional auto-
antibody responses, presumably through presentation of dy-
ing tumor cells to the immune system (43).
Tumor-infiltrating B cells (TIL-Bs) are another important

aspect of the B cell response to cancer. TIL-Bs have been stud-
ied most extensively in breast cancer, where they are present
in ∼25% of tumors and comprise up to 40% of the tumor-
infiltrating lymphocyte (TIL) population (42, 44, 45). TIL-Bs
are often found in TLSs together with CD4+ and CD8+

T cells and DCs (46–48). TIL-Bs appear early during breast
tumorigenesis, being present at the ductal carcinoma in situ
stage (49). TIL-Bs generally express IgG and show evidence of
Ag-driven expansion and somatic mutation consistent with
affinity maturation (50–55). In one IgG sequencing study,
.45% of TIL-B belonged to a clonal group, and there were
4–11 major clonal groups per tumor (46). In node-negative
breast cancer, a gene signature indicative of TIL-B was posi-
tively associated with survival (56). Likewise, together with
CD8+ and CD4+ T cells, TIL-Bs have been implicated in fa-
vorable survival rates in medullary breast cancer (42, 57, 58).
CD20+ TIL-Bs are also found in .40% of high-grade

serous ovarian cancers, where they are associated with CD4+
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and CD8+ T cells, as well as functional T cell markers such as
TIA-1, granzyme B, and FoxP3 (59). TIL-Bs are strongly
correlated with survival in ovarian cancer (59). Notably,
tumors containing both CD8+ and CD20+ TILs are associ-
ated with higher survival than tumors containing CD8+ or
CD20+ TILs alone, suggesting cooperative interactions be-
tween CD8+ and CD20+ TILs.
In non-small cell lung cancer, CD20+, CD8+, and CD4+

TILs are associated with increased survival (60, 61), as are
TLS containing B cells, T cells, and mature DCs (62). TLS
containing B cells, CD4+ and CD8+ T cells, and DCs are
also found in colorectal cancer (63, 64). In cervical cancer,
CD20+, CD4+, and CD8+ TILs are associated with a lower
relapse rate (65). Finally, TIL-B are prominent in germ cell
tumors, where they show evidence of Ag-driven clonal expan-
sion and affinity maturation (66).
Considerable effort has gone into characterizing the target

Ags of TIL-B. In a large study of various human cancers,
TIL-B–derived autoantibodies were shown to react primar-
ily with autologous tumor targets or allogeneic tumors of the
same tissue type, suggesting they recognized tumor-associated
Ags (67). In medullary breast cancer, TIL-B–derived autoanti-
bodies were shown to recognize ganglioside D3 and b-actin,
the latter by virtue of exposure of b-actin on the surface of
apoptotic tumor cells (54, 55, 68). In lung cancer, target Ags of
TIL-B include p53, as well as many self-Ags that are overex-
pressed in tumor tissue (69).
In summary, TIL-Bs are prevalent in human cancer, recog-

nize a wide variety of tumor and self-Ags, associate closely with
T cells and other immune cells, and correlate with favorable
outcomes. This provides clear rationale to better understand
their mechanistic properties.

Mechanisms of action of TIL-B

Although little is known about the mechanisms by which
TIL-B promote favorable outcomes in cancer, several possibil-
ities are suggested by studies in autoimmunity, transplanta-
tion, and various experimental models (Fig. 1).

TIL-B–derived autoantibodies

As mentioned, autoantibodies and alloreactive Abs play major
pathogenic roles in autoimmunity and transplantation, re-
spectively. Similarly, TIL-Bs could potentially mediate their
effects through autoantibodies, which could directly modu-
late the function of target proteins, or promote tumor immunity
through the opsonization of tumor Ags, complement-mediated
destruction of tumor cells, or Ab-dependent cytotoxicity. For

example, in a murine study, adoptively transferred B cells pro-
moted tumor rejection by producing complement-fixing,
tumor-reactive Abs (70). Furthermore, the induction of auto-
antibody responses in mice through vaccination was shown to
enhance CD8+ T cell responses against tumors (71). However,
in human cancer, the relationship between autoantibodies and
clinical outcomes remains controversial. For instance, anti-p53
serum autoantibodies, arguably the best-studied example, have
been linked to favorable outcomes in some studies, but not
others (72). This inconsistency may be attributable to the gen-
erally low concentrations of tumor-reactive autoantibodies in
serum (42). Perhaps TIL-Bs, by virtue of location, raise the
local concentration of autoantibodies to physiologically sig-
nificant levels at the tumor site. Consistent with this idea, when
human lung cancer specimens were engrafted in scid mice,
TIL-B–derived autoantibodies were associated with decreased
tumor growth (73, 74).

Direct cytotoxicity by B cells

TIL-Bs might also directly kill tumor cells through Ab-
independent mechanisms (75). When stimulated with IL-
21, human B cells can secrete granzyme B (76), which could
potentially have direct cytotoxicity against tumor cells. More-
over, human B cells stimulated with IFN-a or TLR agonist
were shown to kill tumor cells directly via TRAIL signaling
(77). Notably, however, cytokines derived from TIL-B can
sometimes provide survival signals to tumor cells, as shown
for lymphotoxin in murine prostate cancer (78).

Immunoregulation by B cells

Tumors typically contain complex mixtures of immune cells,
which, in addition to TIL-Bs, can include cytotoxic T cells,
Th cells (e.g., Th1, Th2, Th17), Tregs, DCs, and myeloid-
derived suppressor cells. Thus, TIL-Bs could mediate their
effects in part by regulating other immune cells. For example,
under the influence of CD4+ Th1 and Th2 cells, B cells
can be polarized into subsets that produce IFN-g, IL-12,
and TNF-a (Be-1 cells) or IL-2, IL-4, TNF-a, and IL-6
(Be-2 cells) (79, 80). Conversely, Be-1 and Be-2 cells can pro-
mote the differentiation of Th1 and Th2 cells, respectively,
such that polarized cytokine profiles of both B cells and Th
cells are amplified and maintained (79, 80). B cells also facil-
itate the formation of CD4+ T cell memory (81) and pro-
mote the survival and proliferation of activated CD8+ T cells
through CD27–CD70 interactions (82). B cells also engage
in negative regulatory relationships. For example, regulatory

FIGURE 1. Potential mechanisms by which

TIL-B promote tumor immunity. Left panel, TIL-B

in human ovarian cancer visualized by anti-CD20

immunohistochemistry (brown). Original magnifi-

cation 340. Center panel, Effector molecules pro-

duced by B cells. Right panel, Potential TIL-B mech-

anisms involving either direct effects on tumor cells

or enhancement of the antitumor activity of T cells

and other immune cells.

The Journal of Immunology 4979
 o

n
 O

cto
b
er 2

8
, 2

0
1
0
 

w
w

w
.jim

m
u
n
o
l.o

rg
D

o
w

n
lo

ad
ed

 fro
m

 



B cells can dampen immune responses through secretion of
IL-10 and TGFb-1 (7). Conversely, Tregs can inhibit B cell
activation, proliferation, and Ab production (83).
In a striking example of immunoregulation, B cells can pro-

mote the formation of TLSs by secreting lymphotoxin and
chemokines, which attract and stimulate T cells, DCs, and
other immune cells (7, 82, 84, 85). Accordingly, elimination
of B cells in RA or renal allografts results in the disintegration
of TLSs with consequent diminution of T cell activity (13,
16, 29, 30). Because TLSs are associated with favorable out-
comes in human cancer (62) and murine models (86), this
likely represents a key immunoregulatory property of TIL-B.

Ag presentation by B cells

Activated B cells can serve as APCs for both CD4+ and CD8+

T cells (7, 25). Indeed, B cells have an advantage over DCs,
as they can selectively present cognate Ag collected through
surface Ig molecules, which allows presentation of even low
concentrations of Ag. Moreover, B cells can indirectly en-
hance Ag presentation by other APCs through production
of specific Ab (87). The relative contributions of DCs and
B cells to Ag presentation in vivo depends on context. In
general, it appears DCs are important for initial T cell prim-
ing, whereas B cells may promote T cell expansion and mem-
ory formation (7, 25, 88).
Why might B cells be required as APCs at the tumor site?

T cell activation and expansion are initiated by DCs in
draining lymph nodes, yet there is growing recognition from
viral models that optimal responses require a second wave of
T cell proliferation triggered by APCs at the site of infection
(89, 90). This process may be particularly important during
prolonged or chronic immune responses (89). Whereas DCs
might serve as effective APCs initially, one can imagine that
with time, DCs may decline in number or become diverted to
a suppressive phenotype, especially in the tumor environment.
Although speculative, perhaps TIL-Bs can serve as local APCs
under these circumstances, thereby sustaining the survival and
proliferation of tumor-infiltrating T cells over the long term.
Consistent with this, we found that advanced ovarian cancers
lack intratumoral DCs and instead contain TIL-Bs in close
association with T cells (59).

Conclusions
The autoimmunity and transplantation fields have exposed
B cells as key players in chronic, recalcitrant T cell responses.
In addition to direct effects against tissues through Abs or
cytotoxic pathways, B cells can promote T cell responses by
producing cytokines and chemokines, facilitating TLS for-
mation, and serving as APCs (Fig. 1). The contribution of
B cells to tumor immunity might not be evident in many
murine tumor models, which tend to involve rapid cytolytic
responses akin to acute viral infections. By contrast, in human
cancer, the beneficial effects of TILs on clinical outcomes
extend over many years, which is more consistent with a
chronic immune process. From this perspective, how can we
best engage B cells for cancer therapy? The Ab-mediated
effects of TIL-Bs can potentially be mimicked by therapeutic
mAbs, which represent a rapidly expanding class of cancer
drugs. Furthermore, cell-based cancer vaccines can be used
to elicit broader Ab responses that closely resemble those
associated with naturally occurring TIL-Bs. For example, in

melanoma and prostate cancer patients receiving cell-based
vaccines expressing GM-CSF, the development of autoanti-
bodies to self-antigens was associated with favorable clinical
responses (91–93). It is less clear how best to enhance the
immunoregulatory and Ag presentation functions of TIL-
Bs. Models are needed in which TIL-Bs and T cells collabo-
rate to provide long-term tumor control, as opposed to the
models of acute rejection used by most investigators. To this
end, TIL populations have been shown to persist for weeks
to months in the most current tumor xenograft models (94),
providing an experimental system to study functional inter-
actions between TIL-Bs and other cell types. Additional
insights will undoubtedly continue to emerge from the auto-
immunity and transplantation fields through their continued
efforts to disrupt the complex and powerful interactions be-
tween B cells and T cells.
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56. Schmidt, M., D. Böhm, C. von Törne, E. Steiner, A. Puhl, H. Pilch, H. A. Lehr,
J. G. Hengstler, H. Kölbl, and M. Gehrmann. 2008. The humoral immune system
has a key prognostic impact in node-negative breast cancer. Cancer Res. 68: 5405–
5413.

57. Ridolfi, R. L., P. P. Rosen, A. Port, D. Kinne, and V. Miké. 1977. Medullary
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Interest and activity in the areas of clinical immunotherapy and therapeutic vaccines are growing
dramatically, thus there is a pressing need to develop robust tools for assessment of vaccine-
induced immunity. CD8+Tcell immunity against specific antigens isnormallymeasuredbyeither
flowcytometry usingMHC tetramer reagents or via biological assays such as intracellular cytokine
staining or ELISPOT after stimulation with specific peptide epitopes. However, these
methodologies depend on precise knowledge of HLA-restricted epitopes combined with HLA
typing of subjects. As an alternative approach, electroporation of antigen presenting cells (APC)
with in vitro-transcribed mRNA (IVT-mRNA) encoding the antigen of interest bypasses the
requirements for HLA typing and knowledge of specific epitopes. A current limitation of the IVT-
mRNA technique is the lack of robust positive control RNAs to verify the efficacy of electroporation
and to ensure that the electroporatedAPC retain the ability to stimulate T cells. Hereinwedescribe
an IVT-mRNA construct wherein all 32 HLA class I-restricted epitopes of the widely used CEF
(Cytomegalovirus,Epstein–BarrVirus and InfluenzaVirus)positive controlpeptidepool havebeen
genetically spliced together to generate a single polyepitope construct. Each epitope is flanked by
three amino- and three carboxy-terminal amino acids from the original parent protein to facilitate
proteolytic processing by the proteasome. Using cells obtained from a panel of normal healthy
donors and cancer patients we report that dendritic cells, CD40-activated B cells, PHA blasts, and
even tumor cells can be transfected with CEF polyepitope IVT-mRNA and can elicit robust CEF-
specific responses from autologous T cells, asmeasured by IFN-γ ELISPOT.Moreover, the response
elicited by CEF IVT-mRNA-transfected APC was similar in magnitude to the response elicited by
the complete pool of CEF minimal peptide epitopes, implying that the polyepitope parent protein
encoded by the CEF mRNA was efficiently processed into individual epitopes by the proteolytic
machinery of the APC. In summary, the CEF polyepitope IVT-mRNA described herein comprises a
robust positive control for immunomonitoring studies requiring IVT-mRNA transfection and
potentially provides a unique tool for assessing MHC class I processing regardless of HLA
haplotype.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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1. Introduction

The number of clinical trials utilizing various forms of
immunotherapy for treating infectious disease and cancer is
growing rapidly. Although clinical endpoints vary widely and
are trial-specific, immunomonitoring is often used to gauge
V. All rights reserved.
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clinical efficacy in terms of immune responsiveness. Further-
more, although great success has been achievedwith vaccines
that induce a humoral response, it is clear that many settings
require induction of an effective CD8+ T cell response. Thus,
development of appropriate tools to evaluate these responses
is of utmost importance. Assessment of CD8+T cell immunity
is normally achieved using one of two approaches: 1) flow
cytometry to directly visualize antigen-specific T cells that
have been stained with MHC tetramer reagents, or 2) in vitro
stimulation with candidate peptide epitopes followed by
quantitation of reactive T cells using biological assays such as
intracellular cytokine staining or ELISPOT. The use of MHC
tetramer reagents is dependent upon prior knowledge of
precise epitopes and their HLA restricting elements. More-
over, while overlapping peptide libraries can be used for in
vitro stimulation, epitopes that bind specific class I alleles are
frequently used when assessing large proteins due to cost
limitations. Indeed, the vast majority of clinical immunomo-
nitoring studies conducted to date have focused upon the
measurement of CD8+ T cell responses that are restricted by
the highly prevalent class I allele, HLA-A2.

In instances where pre-existing knowledge of epitopes is
incomplete, the use of antigen presenting cells (APC)
electroporated with in vitro-transcribed mRNA (IVT-mRNA)
encoding the antigen of interest is becoming widely recog-
nized as an alternative approach for eliciting antigen-specific
T cell responses (Britten et al., 2004; Kreiter et al., 2007;
Knights et al., 2009). IVT-mRNAs are translated into protein
within the cell, and then individual epitopes are cleaved from
the parent protein via the endogenous processing machinery,
as would occur during natural MHC class I antigen processing.
IVT-mRNAs encoding numerous antigens have been success-
fully electroporated into various types of APC including
dendritic cells (DC) (Ponsaerts et al., 2002a; Bonehill et al.,
2004; Artusio et al., 2006; Holtkamp et al., 2006), CD40-
activated B cells (Van den Bosch et al., 2005; Mason et al.,
2008), PHA-activated CD4+ T cells (Naota et al., 2006) and
even bulk PBMC (Van Camp et al., 2010). These mRNA-
transfected APC have been used to recall vaccine-induced
responses ex vivo, and to prime de novo T cell responses both
in vitro and in vivo. Indeed, mRNA-transfected autologous DC
are now being investigated as a cancer vaccination strategy in
a number of clinical settings (Smits et al., 2009). However, a
current limitation of the IVT-mRNA technique is the lack of
robust positive controls to verify the efficacy of electropora-
tion and T cell stimulation.

In the present study, we have created an IVT-mRNA
construct encoding the 32 different HLA class I-restricted
epitopes of the widely used CEF (Cytomegalovirus, Epstein–
Barr Virus and Influenza Virus) positive control peptide pool.
These epitopes were genetically spliced together to create a
CEF polyepitope construct. CEF peptides are restricted by
HLA-A1, -A2, -A3, -A11, -A24, -A68, -B7, -B8, -B27, -B35,
and -B44 and have been shown to elicit recall responses in up
to 88% of individuals (Currier et al., 2002; Janetzki et al.,
2008); thus they are widely utilized, in peptide form, as a
positive control for immunomonitoring assays such as ELI-
SPOT. We report herein that DC, CD40-activated B cells, PHA
blasts, and even tumor cells electroporated with CEF poly-
epitope IVT-mRNA all elicited robust responses from autol-
ogous T cells as measured by IFN-γ ELISPOT assay. We
Please cite this article as: Nielsen, J.S., et al., An in vitro-transcrib
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propose that this CEF polyepitope mRNA serves as an
excellent positive control for in vivo and in vitro human
studies involving IVT-mRNA transfection and also provides a
unique tool to assess MHC class I processing in a variety of
human cell types, regardless of HLA haplotype.

2. Materials and methods

2.1. Design of the pST1-Gateway vector

The IVT-mRNA plasmid pST1-Sig-DC-LAMP (De Keers-
maecker et al., 2009) containing a BamHI cloning site at the
boundary between the DC-LAMP signal sequence and
transmembrane/cytoplasmic region, and the control plasmids
pST1-Sig-MART-1-DC-LAMP and pGEM-eGFP were kindly
provided by Dr. Kris Thielemans. The pST1-Sig-MART-1-DC-
LAMP construct encodes full-length MART-1 (A27L), with the
exception of the start and stop codons, cloned into pST1-Sig-
DC-LAMP using the BamHI cloning site (unpublished). We
modified the pST1-Sig-DC-LAMP plasmid (Fig. 1A) by
incorporating a Gateway™ cassette in place of the BamHI
cloning site to generate the destination vector pST1-Gateway
(Fig. 1B), which allows for simple directional cloning using
the Gateway™ system (Invitrogen). In addition to site-
specific attR1 and attR2 recombination sequences, this
cassette also encodes the ccdB gene (for negative selection
of non-recombined plasmids) and the chloramphenicol
resistance gene. In addition, the neomycin phosphotransfer-
ase gene in the pST1 backbone was replaced with an
ampicillin resistance cassette to facilitate cloning from
Gateway™ entry vectors (Fig. 1C; Invitrogen).

This new pST1-Gateway vector, in and of itself, provides a
useful tool for easily cloning any given antigen into a vector to
facilitate in vitro transcription of the sequence of interest
flanked by the DC-LAMP targeting sequences. Use of the
vector requires three simple steps. First, the target is
amplified by PCR. The sequence of the forward primer should
be 5′CACC XXX, where CACC facilitates directional cloning
into the Gateway™ entry vector, pENTR/D-TOPO (Invitrogen)
and XXX is the first codon of the sequence of interest. The
sequence of the reverse primer should be 5′XXX, where XXX
is the sequence complimentary to the last codon BEFORE the
stop codon in the sequence of interest. By omitting the stop
codon, the open reading frame encoding the DC-LAMP
targeting sequences is maintained. In addition to the DC-
LAMP sequences, the pST1-Gateway vector also encodes
short flanking sequences surrounding the cloning site (18 N-
terminal amino acids and 9 C-terminal amino acids). The
second step involves simple cloning of the PCR product into
pENTR/D-TOPO. The third step is recombination with the
pST1-Gateway vector (Fig. 1C), using Gateway technology
(Invitrogen).

2.2. In vitro transcription and mRNA transfection

The pST1-CEF plasmid was linearized after the poly(A)
sequence with PmeI. The control plasmids pST1-Sig-DC-
LAMP and pGEM-eGFP were linearized with NotI and SapI,
respectively. Linearization was confirmed by agarose gel
electrophoresis of an aliquot of the restriction digest, and the
QIAquick gel extraction kit (QIAGEN) was used for DNA
ed-mRNA polyepitope construct encoding 32 distinct HLA
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Fig. 1. Schematics of pST1-Gatewaydestinationvector andCEF polyepitope construct. TheCEF construct includes a T7 promoter for in vitro transcription of a single open
reading framewith a signal sequence and targeting sequence fromDC-LAMPflanking theCEFpolyepitope sequence. This open reading frame is followedby two tandem
3′-UTRs and a 120 bppoly(A) sequence to increaseRNAstability. Att sites (stars) facilitate cloning using theGateway system, and a PmeI site enables linearization of the
plasmid to increase transcription efficiency. Refer to Section 2.1 for additional details about the constructs.
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cleanup of the remainder (without gel extraction). In vitro
transcription of the linearized plasmid was performed using
the mMessage mMachine T7 Ultra Kit (Ambion) as directed
by the manufacturer. RNA integrity was confirmed by gel
electrophoresis. B cells, PHA blasts, and tumor cells were
transfected by electroporation using the Amaxa Human B Cell
Nucleofection Kit (Lonza), and dendritic cells were trans-
fected by electroporation using Optibuffer as previously
described (Ponsaerts et al., 2002b) or using the Amaxa
Human Dendritic Cell Nucleofection Kit (Lonza). Generally,
2×106 cells were transfected with 2 μg of in vitro-transcribed
mRNA.

2.3. Patient samples

All specimens and clinical data were obtained with
informed consent under protocols approved by the Research
Ethics Board of the British Columbia Cancer Agency and the
University of British Columbia. Peripheral blood from patients
and healthy donors was collected by venipuncture into
sodium heparin tubes (BD Biosciences). PBMC were isolated
by density centrifugation over Histopaque 1077 (Sigma) and
then cryopreserved in liquid nitrogen vapor freezers. Ascites
Please cite this article as: Nielsen, J.S., et al., An in vitro-transcrib
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was collected from ovarian cancer patients at the time of
primary debulking surgery, and the ascites cellular compo-
nent (AC) was collected by centrifugation and cryopreserved
as described for PBMC.

2.4. Cells used for transfection

CD40-activated B cells were generated by culturing bulk
PBMC with lethally irradiated (75Gy) CD40 ligand-expressing L
cells (Cauxet al., 1994) (kindlyprovidedbyDr. JohnGordon) at a
10:1 ratio. All B cells except IROL001 were cultured in complete
IMDMmedia containing 10% human AB serum (Sigma), 10 mM
HEPES, 2 mML-glutamine, 50 μM2-mercaptoethanol, penicillin/
streptomycin, 1 μg/ml cyclosporin A, 2 ng/ml human IL-4
(Peprotech), and insulin–transferrin–sodium selenite for 2–
4 weeks until cultures were N95% CD19+ as measured by flow
cytometry. IROL001Bcellswere cultured in completeRPMI1640
containing 10% FBS, 2 mM L-glutamine, 50 μM 2-mercaptoetha-
nol, HEPES, sodiumpyruvate, gentamicin, 1 μg/ml cyclosporin A,
and 2 ng/ml human IL-4. Monocyte-derived dendritic cells
(MoDC) were generated by purifying CD14+ monocytes from
PBMCusingCD14microbeads (Miltenyi, Biotec) according to the
manufacturer's instructions and culturing cells in AIM-V media
ed-mRNA polyepitope construct encoding 32 distinct HLA
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with 160 ng/ml GM-CSF and 20 ng/ml recombinant human IL-4
for 5 daysor fromtheadherent cell fractionof PBMCbyculturing
in complete RPMI with 200 ng/ml GM-CSF and 20 ng/ml
recombinant human IL-4 for 4 days, followed by maturation
with 10 ng/ml IL-1β, 10 ng/ml TNFα, 1000 U/ml IL-6, and 1 μg/
ml PGE2 for 2 days. Both strategies were effective for assessing
CEF responses. PHA blasts were generated from ovarian cancer
patient ascites cell preparations that were stimulated with 5 μg/
ml PHA in AIM-V media for 2 days, followed by AIM-V media
with 100 IU/ml IL-2 for 3 days.

2.5. IFN-γ ELISPOT analyses

ELISPOT plates (MSIP, Millipore) were pre-coated over-
night with 10 μg/ml anti-IFN-γ capture antibody (1-D1K,
Mabtech) and then blocked for 2 h at 37 °C with complete
IMDM containing 10% human AB serum (DC017, DC027,
IROC013 and IROC018 experiments), complete RPMI with
10% FBS (IROC008 DC and IROL001 experiments), or AIM-V
(PHA blast experiments). Cryopreserved PBMC or ascites cells
(AC) were thawed, and cells were plated on ELISPOT plates in
triplicate at 2–3×105 cells per well. Wells were supplemen-
ted with autologous APC (untreated or mock-transfected),
autologous APC pulsed with CEF peptide pool (Anaspec), or
autologous APC transfected with CEF IVT-mRNA or MART-1
Table 1
Sequences (including flanking amino acids) and HLA restriction of the 32 epitopes

Epitope

Influenza virus matrix protein M1 (58–66)
Influenza virus PA (46–54)
Influenza virus matrix protein M1 (13–21)
Influenza virus NP (342–351)
Influenza virus NP (91–99)
Influenza virus NP (418–426)
Influenza virus NP (380–388)
Influenza virus NP (383–391)
Influenza virus matrix protein M1 (128–135)
Epstein–Barr virus LMP2 (426–434)
Epstein–Barr virus BMLF1 (280–288)
Epstein–Barr virus latent NA3B (399–408)
Epstein–Barr virus Rta protein (28–37)
Epstein–Barr virus BZLF-1 (190–197)
Epstein–Barr virus NA-3A (337–347)
Epstein–Barr virus NA-3A (158–166)
Epstein–Barr virus NA-3C (258–266)
Epstein–Barr virus NA-3A (458–466)
Cytomegalovirus pp65 (495–503)
Cytomegalovirus pp65 (417–426)
Cytomegalovirus pp65 (378–389)
Cytomegalovirus pp65 (123–131)
Influenza virus PB1 (591–599)
Influenza virus NP (44–52)
Influenza virus NP (265–274)
Epstein–Barr virus BRLF-1 (148–156)
Epstein–Barr virus NA-3A (603–611)
Epstein–Barr virus NA-3B (416–424)
Epstein–Barr virus BRLF-1 (134–142)
Epstein–Barr virus NA-3A (379–387)
Epstein–Barr virus NA-3C (281–290)
Cytomegalovirus pp65 (511–525)

a Sequence shows minimal epitope (bold type) as well as 3 amino-terminal and 3
parent protein.

b Sequences are expressed as one contiguous open reading frame, in the order a

Please cite this article as: Nielsen, J.S., et al., An in vitro-transcrib
class I-restricted epitopes from CMV, EBV, and Influenza..., J. Imm
IVT-mRNA, as indicated. Stimulation with PHA (5 μg/ml) was
used as a positive control for ELISPOT. After overnight
incubation at 37 °C, ELISPOT plates were washed and
incubated for 2 h at 37 °C with 1 μg/ml biotinylated anti-
human IFN-γ (mAB 7-B6-1, Mabtech) followed by developing
with Vectastain ABC Elite kit and Vectastain AEC substrate
reagent according to the manufacturer's instructions (Vector
Labs). Spots were quantified by a commercial service provider
(ZellNet Consulting, Inc), and results were reported as the
number of spot forming cells per 106 bulk PBMC or AC.

3. Results

3.1. Design and preparation of the CEF polyepitope construct

A sequence-verified, synthetic DNA construct containing a
single open reading frame encoding all 32 of the HLA Class I-
restricted epitopes included in the widely used extended CEF
peptide pool (Anaspec) was prepared by a contract service
provider (Bionexus Inc.). Since the IVT-mRNA approach relies
upon proteolytic processing of the translated sequence, we
designed the construct to include, for each of the 32 epitopes,
three amino-terminal and three carboxy-terminal flanking
amino acids from the corresponding parent protein (see
Table 1). The termini of the open reading frame were
in the CEF polyepitope IVT-mRNA construct.

Sequence a,b HLA restriction

LTK GILGFVFTL TVP HLA-A2
EVC FMYSDFHFI DER HLA-A2
YVL SIIPSGPLK AEI HLA-A3,A11
EDL RVLSFIKGTK VVP HLA-A3
DPK KTGGPIYKR VDG HLA-A68
QRN LPFDKTTVM AAF HLA-B7
STL ELRSRYWAI RTR HLA-B8
ELR SRYWAIRTR SGG HLA-B27
GAL ASCMGLIY NRM HLA-B27
VFM CLGGLLTMV AGA HLA-A2
QNA GLCTLVAML EET HLA-A2
GRP AVFDRKSDAK STK HLA-A11
LVS DYCNVLNKEF TAG HLA-A24
RKC RAKFKQLL QHY HLA-B8
NAG FLRGRAYGL DLL HLA-B8
RRD QAKWRLQTL AAG HLA-B8
RRY RRIYDLIEL CGS HLA-B27
GMA YPLHEQHGM APC HLA-B35
LAR NLVPMVATV QGQ HLA-A2
ERK TPRVTGGGAM AGA HLA-B7
AEE SDEEEAIVAYTL ATA HLA-B18
MLN IPSINVHHY PSA HLA-B35
GLL VSDGGPNLY NIR HLA-A1
IQM CTELKLSDY EGR HLA-A1
SAL ILRGSVAHK SCL HLA-A3
KHS RVRAYTYSK VLG HLA-A3
RLA RLRAEAQVK QAS HLA-A3
CRA IVTDFSVIK AIE HLA-A11
MIP ATIGTAMYK LLK HLA-A11
KVK RPPIFIRRL HRL HLA-B7
LQT EENLLDFVRF MGV HLA-B44
KYQ EFFWDANDIY RIF HLA-B44

carboxy-terminal flanking amino acids (italics) from the naturally expressed

s shown, with no additional intervening sequences.

ed-mRNA polyepitope construct encoding 32 distinct HLA
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subsequently modified by PCR with the following primers (5′
CACC ATG CTG ACC AAA GGT ATT CTG GGC3′ and 5′AAA AAT
GCG ATA GAT ATC GTT GGC3′). The CACC sequence at the 5′
end of the forward primer facilitated directional cloning of
the PCR product into the Gateway™ entry vector, pENTR/D-
TOPO (Invitrogen) and subsequently into pST1-Gateway by
site-specific recombination to generate the plasmid pST1-
CEF, using the strategy and construct outlined in Section 2.1
and Fig. 1). In order to be contiguous with the reading frame
of the DC-LAMP signal sequence (upstream) through to the
end of the DC-LAMP transmembrane/cytoplasmic region
(downstream), the first codon of the CEF polyepitope insert
was located immediately after the CACC of the forward
primer, and the 5′ end of the reverse primer encoded the final
codon of the CEF sequence.

The resulting pST1-CEF construct enables in vitro tran-
scription (via the T7 RNA polymerase promoter) of an mRNA
that encodes the complete CEF polyepitope sequence in frame
with a DC-LAMP signal sequence and a DC-LAMP transmem-
brane/cytoplasmic region (Fig. 1C). The mRNA also contains
two tandem copies of the β-globin 3′-UTR and a 120 bp
vector-encoded poly(A) sequence, reported to increase IVT-
mRNA stability and translation efficiency (Holtkamp et al.,
2006). The pST1-CEF construct was used as a template for in
vitro transcription as described in Materials and methods,
which resulted in efficient and reliable production of full-
length CEF mRNA (typical yields of approximately 35 μg of
RNA from 2 μg of linearized plasmid using 4 μl T7 enzymemix
per reaction).

3.2. Validation of the CEF polyepitope construct

We validated the CEF polyepitope construct as a positive
control for IVT-mRNA-based immunological studies by
transfecting a variety of antigen presenting cells and
measuring their ability to stimulate autologous T cells. We
initially assessed the construct in CD40-activated primary
human B cells isolated from two healthy donors (DC017 and
DC027) as well as an ovarian cancer patient (IROC013) and a
lymphoma patient (IROL001). B cells expanded from bulk
PBMC by stimulation with CD40L-expressing L cells plus IL-4
were electroporated with CEF IVT-mRNA and used as antigen
presenting cells in IFN-γ ELISPOT assays. In all 4 cases, CD40-
activated B cells that had been transfected with CEF IVT-
mRNA elicited robust activation of autologous T cells as
measured by IFN-γ ELISPOT (Fig. 2A). Importantly, the
number of spot forming cells in the presence of CEF mRNA-
transfected B cells (600 to 1500 per 106 PBMC) was
essentially equivalent to the number of spot forming cells in
the presence of exogenously added CEF peptides, suggesting
that individual epitopes were efficiently processed from the
mRNA-encoded CEF polyepitope parent protein. In contrast,
minimal activation occurred in the presence of untransfected
CD40-activated B cells or cells that had been electroporated
with MART-1 (irrelevant antigen) IVT-mRNA.

Similar results were observed when monocyte-derived
dendritic cells (MoDC) were transfected with CEF IVT-mRNA
and used as an APC in IFN-γ ELISPOT assays (Fig. 2B). A range
of responses against CEF epitopes was noted, including high
responders (IROC008, DC022, and DC065), low responders
(DC020, DC026, and DC067), and complete non-responders
Please cite this article as: Nielsen, J.S., et al., An in vitro-transcrib
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(DC016 and DC068). Results using CEF IVT-mRNA-transfected
MoDC were consistent with results using peptide-pulsed
MoDC. The transfection efficiency was 79% and 99% for B cells
and DC, respectively, as assessed by flow cytometry after
transfection with GFP IVT-mRNA (measured in one experi-
ment, data not shown). Viability after transfection was 75–
80%.

Since CD40-activated B cells and dendritic cells are
considered professional antigen presenting cells, we also
investigated whether CEF IVT-mRNA could be efficiently
expressed and processed in a non-professional antigen
presenting cell. Recently, several groups have demonstrated
that PHA-activated T cells can be transfected with IVT-mRNA
(Naota et al., 2006; Van Camp et al., 2010), providing a
potentially rich and convenient source of antigen presenting
cells from even minimal volumes of peripheral blood. In
agreement with these reports, we found that CEF IVT-mRNA-
transfected PHA blasts were also able to process and present
CEF epitopes to autologous T cells (Fig. 2C). However, in 2 of 3
samples, the magnitude of the response elicited by CEF IVT-
mRNA-transfected PHA blasts was only about 50% of the
response elicited by exogenously added CEF peptides.

3.3. Use of the CEF polyepitope construct as a tool to test antigen
processing and presentation capacity

Human tumor cells often harbor defects in antigen
processing as an immune escape phenomenon. Therefore, in
addition to its utility as a positive control for immunomoni-
toring assays, we reasoned that the CEF polyepitope construct
might also be a universally applicable tool for assessing the
integrity of antigen processing and presentation pathways in
tumor cells, since all individuals are anticipated to harbor T
cells specific to one or more epitopes in the construct. Defects
in antigen processing and presentation in candidate tumor
cells could readily be detected by transfecting tumor cells
with CEF IVT-mRNA and assessing whether or not the cells
successfully activate CEF-reactive T cells in autologous PBMC.
As a proof-of-concept experiment, we transfected primary
tumor cells derived from a serous ovarian cancer patient
(IROC018) with CEF IVT-mRNA and assessed T cell activation
by ELISPOT.We found that IVT-mRNA-transfected tumor cells
activated T cells to the same extent as seen with exogenously
added CEF peptides (which do not require functional antigen
processing machinery). Furthermore, the response elicited by
CEF IVT-mRNA-transfected tumor cells was similar to that
elicited by transfected CD40-activated B cells from the same
patient (albeit lower in tumor cells compared to B cells).
Together these data indicate that the MHC class I antigen
processing and presentation pathway was intact and func-
tional in tumor cells from this particular patient (Fig. 2D).

4. Discussion

The extended CEF peptide pool is a collection of 32 known
CD8 T cell epitopes from Cytomegalovirus, Epstein–Barr virus
and Influenza virus that have been shown to elicit recall
responses from the PBMC of up to 88% of individuals,
regardless of HLA haplotype (Currier et al., 2002; Janetzki et
al., 2008). Thus the CEF peptide pool is widely used as a
positive control to validate assay performance in
ed-mRNA polyepitope construct encoding 32 distinct HLA
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Fig. 2. APC transfectedwith CEF IVT-mRNAprocess and present CEF epitopes and activate T cells. IFN-γ ELISPOT assays comparing activation of T cells by APC incubated
with CEF peptides or transfected with CEF IVT-mRNA or negative control MART-1 IVT-mRNA. A range of APC, responder cell numbers, and conditions were tested to
ensure the robustnessof theCEF IVT-mRNAsystem. Samples includedcells from2healthydonor controls (DC017,DC027), 5 ovarian cancerpatients (IROC008, IROC013,
IROC018, IROC033, IROC067), and 1 follicular lymphoma patient (IROL001). (A) CD40-activated B cells (50,000/well)were left untransfected, electroporatedwith IVT-
mRNA encodingMART-1 (negative control) or IVT-mRNA encoding the CEF polyepitope protein, or pulsedwith a CEF peptide pool, and used as stimulators in an IFN-γ
ELISPOTassay using autologous PBMCas responders. DC017 andDC027werenot assessed in triplicatewith CEF peptides. (B)Monocyte-derived dendritic cells (12,500/
well) weremock-transfected (no RNA) or electroporatedwith IVT-mRNA encodingMART-1 (negative control) or IVT-mRNA encoding the CEF polyepitope protein, or
pulsedwith the CEF peptide pool, and used as stimulators in an IFN-γ ELISPOT assay using autologous PBMC as responders. *CEF peptides not testedwith IROC008. (C)
PHA blasts (100,000/well) were mock-transfected (no RNA), electroporated with IVT-mRNA encoding the CEF polyepitope protein, or combinedwith the CEF peptide
pool, and used as stimulators in an IFN-γ ELISPOT assay using bulk autologous ascites cells as responders. (D) Tumor cells or CD40-activatedB cells (200,000/well)were
left untransfected, electroporatedwith IVT-mRNA encoding the CEF polyepitope protein, or pulsedwith a CEF peptide pool, and used as stimulators in an IFN-γ ELISPOT
assay using autologous PBMC as responders. Results are reported as mean IFN-γ spot forming cells (SFC)+standard deviation for each sample assessed in triplicate.
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immunomonitoring assays such as ELISPOT. To extend the use
of the CEF peptide strategy to experiments involving IVT-
mRNA transfection, we incorporated all 32 of the CEF
Please cite this article as: Nielsen, J.S., et al., An in vitro-transcrib
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peptides into a single contiguous polyepitope construct
contained in an optimized IVT-mRNA vector. We demon-
strated that this construct, when transfected into APC from
ed-mRNA polyepitope construct encoding 32 distinct HLA
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multiple individuals, stimulates T cell responses of similar
magnitude to those achieved with the CEF peptide pool. Thus,
this construct can serve as a universal positive control for IVT-
mRNA experiments.

IVT-mRNA methodology is growing in popularity as an
approach for driving and measuring CD8+ T cell immunity,
and is particularly useful in those instances where specific
knowledge of HLA allele makeup and/or epitope sequence is
unknown. In particular, the use of autologous dendritic cells
transfected with tumor-associated antigen (TAA)-encoding
mRNA has shown promise as an immunotherapeutic ap-
proach in a number of different oncology settings (Smits et al.,
2009). DC transfected with IVT-mRNA exhibit efficient
cytoplasmic expression of transgenes, excellent T cell priming
capabilities and a superior clinical safety profile. Indeed, Good
Manufacturing Practice (GMP) grade production of vaccines
based upon autologous mRNA-electroporated dendritic cells
has recently been described (Erdmann et al., 2007; Van
Driessche et al., 2009). Expression of transfected IVT GFP
mRNA is currently the most widely used positive control in
this field and while this is useful for monitoring transfection
efficiency, it does not give information about the functional
status of transfected APC. In contrast, use of a CEF IVT-mRNA
construct provides information about both transfection
efficiency and APC functionality. Furthermore, like the CEF
peptide pool, CEF IVT-mRNA is universally applicable to all
patients, regardless of HLA haplotype, making it particularly
useful for GMP-level protocols.

In addition to comprising an excellent control for IVT-
mRNA systems, the CEF IVT-mRNA construct can also be used
to assess antigen processing and presentation by a variety of
cell types, including tumor cells. Although a number of
different viral systems are used to study antigen processing in
inbred strains of mice with defined MHC haplotypes, the
same studies are challenging in humans due to the extreme
heterogeneity of HLA loci. In that the CEF peptides comprise
epitopes that are restricted by 11 different HLA class I alleles,
they facilitate the use of essentially any donor PBMC as a
source of cells for experimental purposes, since up to 88% of
individuals will respond to the pool. In fact, we are not aware
of any other such tool that can be used to universally study
antigen processing in the human system. Importantly, T cells
from all individuals that we have tested to date have
responded robustly to CEF IVT-mRNA-transfected autologous
antigen presenting cells, at levels similar to those evoked by
CEF peptides themselves. Although we have not mapped CEF-
specific T cell responses in these individuals at the level of
specific peptides, it is likely that each individual would have a
unique pattern of reactivity, based upon their HLA type and
history of antigen exposure. Furthermore, since the ELISPOT
response elicited by CEF peptides and CEF IVT-mRNA was
generally similar for each donor, we speculate that each of the
individual CEF peptides is likely cleaved from the parent
protein with similar efficiency

Proteolytic breakdown by the proteasome is an enzymatic
process and the enzymes involved have defined substrate
specificities (Kloetzel, 2004). Although C-terminal epitope
ends are thought to be generated primarily in the proteasome
(Mo et al., 1999), N-terminal processing is a more complex
process (Yewdell and Bennink, 2001) involving post-protea-
somal enzymes. Recently, a distinct N-terminal processing
Please cite this article as: Nielsen, J.S., et al., An in vitro-transcrib
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motif was identified that was at least seven residues in length
(Schatz et al., 2008). Clearly, this extensive flanking sequence
is absent from each epitope in the CEF IVT-mRNA construct;
therefore, it appears N-terminal processing can occur via an
alternative mechanism. It may be that because we have
artificially placed the CEF epitopes in tandem, the C-terminal
end of the epitope that is immediately upstreammay result in
a short N-terminal extension (6 amino acids) that can be
subsequently cleaved off via N-terminal trimming. Regardless
of the precise mechanism, the majority of what is currently
known about patterns of proteolytic processing has been
gleaned, via necessity, from murine systems. Thus, the CEF
IVT-mRNA system described herein provides a unique
opportunity to address similar questions in the human
system.

Moreover, the CEF IVT-mRNA polyepitope construct
potentially provides a unique and universal tool to readily
assess the integrity of the MHC class I processing pathway in
human tumor cells. Immunological escape is known to play a
critical role in cancer disease progression as evidenced by a
plethora of different defects that are presumed to arise in the
face of immunological pressure (Seliger, 2008). Because the
CEF mRNA can elicit responses from a majority of individuals,
it provides a unique opportunity to transfect a tumor cell line
and then test for the ability of the transfected tumor cells to
stimulate CEF-specific T cells present in autologous PBMC. By
comparingwith peptide-elicited responses, it may be possible
to determine the underlying nature of any class I processing
defects. For example, it may be possible to determine
whether a defect is global in nature or whether it affects
particular alleles and whether it is occurring at the intracel-
lular (processing) level or extracellular (assembly) level. As
proof of principle we have shown that tumor cells from an
ovarian cancer patient can be readily transfected with CEF
IVT-mRNA and can stimulate autologous PBMC at the same
frequency as peptide-pulsed tumor cells, suggesting that in
this tumor, the class I processing pathway is functional. This
type of information could be crucial to the monitoring and
interpretation of immunotherapy studies in cancer that
depend upon recognition of class I-restricted epitopes.

In summary, we propose that this CEF IVT-mRNA system
comprises a unique and powerful tool to study various
aspects of MHC class I antigen processing in the human
setting, and also comprises a useful positive control for
investigators employing the IVT-mRNA platform for both T
cell priming and recall experiments.
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